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,9/ /(/ /? Summary

This is the first quarterly report of the Optimization Study of high power
static inverters for space applications. Work on the study began August 1, 1963.

This report covers the time from August 1, 1963 to October 31, 1963.

The introduction outlines the goals of the study and the general program

plan. The results of the first phase of study which involves determining specific
program goals are included as the section titled ""Methodology of the NASA
Inverter Optimization Study.!" The second phase of the study which is only
partially complete, is covered in sections on '"Descriptions of Inverter Types"

and '""Hi-power 3200 cps Inverter Concept.," A Urfld/Z



INTRODUCTION

For space use, electrical power is utilized in the launch vehicle to provide
guidance and control power so that the required velocity and directional
accuracy can be obtained. In satellite applications electric power may be
required for attitude control, navigation, guidance, communication and life
support. Generally this electric power is derived from static sources of
direct current. Static inverters and converters must be used to condition

the DC power into forms which are acceptable for the final loads. Optimum
utilization of these solid state devices for space applications requires detailed
considerations of the application. These considerations include the perfor-
mance requirements of the load, the regulation of the DC source, the method
of inversion, the environment with its thermal considerations, weight restric-
tions, and the components themselves, Any method which attempts to
optimize an inverter for space must be primarily concerned with three figures
of merit, The first is efficiency because of the limited amount of power

which is stored or generated and because reduced internal losses will reduce
internal temperatures. The second figure of merit is the power to weight ratio.
This is obviously important because of the thrust limitations of the launch
vehicle. The last but certainly not least important figure of merit is the

reliability of the inverter,

High performance static inverters and converters utilize nondissipative

switching of high power semiconductors to achieve high efficiency and high




power to weight ratios. However, for space applications where it is usually
impossible to carry spare units or to perform routine maintenance, the aspect
of inherent reliability must be weighed against the perinrmance goals,
efficiency and weight to achieve the optimum mix. It is the purpose of this
study to examine these various aspects of the space power conditioning
problem in an effort to determine the mosi feasible techniques to fulfill the
present and projected requirements for high power space static inversion

equipment.

The power range to be examined covers the range of 100 watts to 10, 000 watts,
with frequencies from 400 to 3200 cps. Within these ranges there are many
possible techniques which could conceivably be utilized, Furthermore, as

new and improved semiconductor switching elements become available the
possible number of techniques becomes even larger. However the performance
goals of a particular application will restrict the possible choices of inver-
sion technique. The first phase of the study, therefore, is an effort to deter-
mine with NASA a reasonable set of performance specifications for three or
more projected applications. These performance specs are to be consistent
with the reliable operation of an inverter which used advanced techniques to

surpass minimum space requirements.

Having established these performance specs, the second phase of the study
will be directed toward a selection ofithe most feasible approach for each

projected application. In this phase the primary consideration will be a



selection of the power stage of the inverter. This selection involves a study

of various techniques such as synchronous switching, high frequency pulse
widthmodulation, etc., Integral with this selection of switching technique will
be a choice of the switching element such as transistors, SCR's,gate controlled

switches, saturable cores or hybrid combinations of the same.

The third phase of the study will be a combined analytical and experimental
effort aimed at optimizing the components and circuitry for each selected

approach,

The fourth phase will involve a re-evaluation of the selected approaches in
light of the results of the analytical and experimental results. The result of
this re-evaluation will be to make those mcdifications necessary for best

program results,

The final phase of the study will consist of complete analytical evaluation of
the finally selected approaches to determine their reliability, figures of merit
and to illustrate the tradeoffs which exist between the various performance

parameters.

The results of the first phase of this program, the establish ment of the per-
formance specifications, are given in the next section, (Methodology of the

NASA Inverter Optimization Study. )

L




METHODOLOGY OF THE NASA
INVERTER OPTIMIZATION STUDY

INTRODUCTION.

The purpose of the overall study is to determine the best configuration of solid
state inverters for space applications, To achieve this purpose the circuitry
and the components, especially the switching elements, will be analyzed.
However, the various performance parameters of the inverter and their inter-
relations with the components and the circuitry requires that certain ground
rules be established. These ground rules will establish the method of evalu-
ating the components and techniques so that the range of choice can be nar-

rowed to a handful of selected approaches.

Categorization of Inverter Quantities

The quantities of primary concern in this study are listed below in three

groups.

GROUP 1 Nominal Description of the Iaverter

a) -Full load volt-amperes (va) in a specified power factor range.
b) Frequency
c) Number of phases

d) DC input voltage



GROUP II Performance Specifications

a) Harmonic distortion

b) Variation of DC input voltage around nominal

c) High frequency transients on DC input

d) Output voltage

e} Output voltage regulation, steady state and transient
f) Output phase separation

g) Output short circuit protection

h) Overload capability

i) Unbalanced load capability

j) Output frequency regulation

GROUP III Parameters to be Optimized

a) Weight
b) Efficiency

c) Reliability

This list, while not all inclusive, does contain the quantities which are of
primary concern to the electrical design of an inverter. They have been split
into three separate groups. These particular groups were selected in conjunc-

tion with the proposed éround rules which are discussed below.




GROUND RULES

Group I determines. the nominal requirements of the inverter.

For this study

it is proposed that these characteristics be limited to the following ranges for

three inverter types:

GROUP1I TYPE A TYPE B TYPE C

Watt range 100 to 500 at 500 to 2000 2000 to 10, 000
1.0 to . 7 lag 1.0to .7 lag 1.0 to . 7 lag
power factor power factor power factor

Frequency 400 400 3200

Numbef of Phases 3 3 3

Range of DC Input 15 to 100 15 to 100 15 to 1060

Voltage

The rationale for these choices are listed below:

1) Splitting the .10 Kw to 10Kw range into three parts allows the study

to focus on the choice of best technique for each range.

The use of

a specific inverter technique, such as synchronous switching for

instance, should be applicable throughout the selected range., The

choice of components used in any inverter type would of course be

selected to match the specific power under consideration.

2) The low end of the frequency band, 400 cps, was selected as the most

appropriate frequency for the low and mid-power range inverters;

3200 cps, the top of the range, was selected for the high power inverter.



3)

The intermediate frequency, 2000 cps, would undoubtedly use the same

general technique as the 3200 cps inverter,

The range of 15 to 100 volts was selected as the probable limits of DC
voltage sources that would become standard in the future. The selected
inverter techniques will be capable of accepting a nominal (+10%, -20%)
voltage within these DC limits without a change in the general config-
uration. As in the case of the power level ranges, the choice of
specific components w01.11d be directly related to the DC voltage level

under consideration.

Inverters which operate from DC sources of one volt and under are
considered to be outside the main scope of this study. Studies indicate
that this type of inverter is not especially suited for space applications
because of its low power to weight ratio, Inverters which operate from
high sources of DC voltage (1000 V DC and higher) are also outside the
scope of this study. However, because of the low currents involved,
this type of inverter offers a potentially high power to weight ratio

if suitable switching techniques can be achieved.

The Group II performance specifications, which will hold equally for

the three inverter types, are listed below.




Harmonic Distrotion:

DC Input Voltage Variation:

High Frequency Trzansients on DC:

Output Voltage:

Output Voltage Regulation:

Output Phase Separation:

Short Circuit:

Overload:

Unbalanced Load:

Not to exceed 5% on total distor-
tion with any sirgle harmonic not
to exceed 2%

+10%, -20%

+200% of nominal for 10 micro-
seconds or less

110/208 VAC

+2% for steady state, upper limit
of transients during load switching
to be +50% of normal envelope with
recovery to steady state in 20
cycles

120 * 2 degrees

Automatic recovery to normal
operation when short is removed

200% for 5secondswiih +4% regu-
lation

Up to 1/3 the total maximum VA
between highest and lowest phases

One additional area which is difficult to treat as an exact specification but is
nevertheless important is the effect of the source. Solid state inverters use
switching techniques to condition the raw DC power. This rapid switching
czusesthe DC input current to contain AC components at multiples of the

switching frequency. These AC components can cause transmission line dis-
turbances as well as disturb the source itself. While these disturbances are

essentially a detailed application problem, it is desirable to know approxi-

mately the time profile of the input current so as to ascertain the probable



magnitude of the problem. For each of the three inverter classes, the study
will include the DC input current profiie under the assumption that the source

has negligible internal and transmission line impedance.

In the main body of this study the effect of varying these Group II specifications
around their nominal points will be analyzed., If any of these specs appear to
cause an undesirable change in the Group II] parameters, they will be re-

analyzed to show what can be done to maintain the best overall operation,

Group III, (weight, efficiency and reliability), represents those parameters
which must be optimized for any specific mission. It will be the primary
purpose of the study to select the methods and components which will allow

a Group III parameter or parameters to be optimized for the given inverter
types. These Group III parameters are usually inter-related in such a way
that optimizing one of them will generally degrade the others. For instance,
an extremely lightweight inverter might be designed by reducing the design
margins on wound iron components. However, this would result in more heat
loss in these components. This additional heat loss would reduce the
efficiency and push the semiconductor components closer to their maximum
operating temperatures thereby reducing reliability, The Group III parameters
also interact with the Group II specifications. For instance, the lightweight
inverter described above might also sacrifice harmonic distortion. These
inter-relations between Group II and Group III as well as the interactions of

the Group III parameters with each other will be analyzed in the later phase
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of this study.

Both efficiency and weight are parameters that are easily measured. For this
study the efficiency of an inverter will be defined as total AC power output
(as measured at the load terminals) divided by DC power input. Total AC
power output would include the power supplied by any harmonics remaining

in the filtered output. The weight will be defined as the weight of the elec-
trical components only. It will not include the weight of such things as

heat sinks, outside case and other structural supports, connectors, etc. The
weight of these additional items is closely related to the type of heat sinking
that is available and the shock and vibration levels to be encountered. While
it is beyond the scope of this study to determine the packaging configuration
and hence total weight, a reasonable engineering estimate is that the weight
of the electrical components will comprise 50% to 70% of the total weight in

an aerospace type inverter.

The reliability of any inverter is obviously very important. However, the
number attached to the concept of reliability is a quantitative expression of
the effect of such factors as the number of components used to perform a
certain function; the temperature, voltage and current stress on these com-
ponents; the intrinsic reliability and failure modes of the componets them-

selves; and the number of redundant circuits or components that are used; and

the required life of the mission. Most of the above information can be obtained
from a theoretical analysis. However, the actual stress levels must be

measured on breadboards etc., before a number can be assigned to the

11



actual circuit reliability. Moreover the temperatures of the components,
especially the semiconductors,are a function of the packaging and cooling of
the final unit. These factors combine to make any discussion of absolute
reliability strictly an academic discussion if the stress levels existing in the
final package are unknown. During the initial phases of this study the voltage
and current stress levels can only be approximated by analysis and judg meut
based on the behavior of similar circuits. It will be this analysis and judg-
ment together with the relative number of parts in the various circuits which
will guide the selection of the techniques to be studied intensively. In the
later phases of the study an absolute reliability analysis will be performed.,
This analysis will be based on voltage and current stress levels measured
from available breadboards., The temperature of the components, especially
semiconductors, will be assumed to remain within a specified band. The
effect of radiation on the reliability of an inverter is beyond the scope of

this study. However, in selecting the components, radiation of Van Allen Belt

intensity will be assumed.

SUMMARY

The proposed ground rules categorize the various electrical quantities of the
inverter into three groups: 1) Nominal Description: 2) Performance Specifi-
cations and 3) Those Parameters to be Optimized. This study will cover
three nominal inverters - a low power 400 cps type, a mid-power 400 cps

type and high power 3200 cps type. The technique selected for each of these

12




types will be applicable over a band of power and input voltage variation. The
performance specifications for the three types will be identical. It will

be the primary purpose of the study to select and analyze the tachnigues that
will optimize the weight, efficiency and reliability, and simultanecusly meet
the performance specifications for each of the three types. A second purpose
will be to study the interdependence of the specifications and the optimization

parameters of the three types so Lhat'pos sible tradeoffs can be analyzed.

For these purposes, a general description of the operation, limitations, and
advantages of the presently kn0wx;1 inverter circuits is given in the next section,
(Description of Inverter Types.} In addition, a detailed mathematical analysis
is performed on two main types of inverter circuits used with silicon controlled
rectifiers (SCR's) namely, the bidirectional series inverter and the McMurray
Bedford circuit. These analyses are included not only to verify the results
given in the general description of these inverter types and to indicate the
techniques used in obtaining them but also, by presenting in great detail the
operation of representative circuits, allow the reader to fully understand the

complex sequence of operations which occur in SCR inverter circuits,

13



II

DESCRIPTION OF INVERTER TYPES
INTRODUCTION
Solid state inverters are designed almost exclusively around two types of
switching elements: silicon controlled rectifiers (SCR's) and transistors.
The difference between these, of course, is the lack of ability to turn off
the SCR at the gate; an external means must be provided to reduce the
current in the SCR to zero. Provisjon must be made for this in all circuits
using SCR's. In some circuits, this turn-off is an inherent part of the
circuit; in others it is inherent for some load ranges, while in still others
extra components must be added to provide this turn off, Series type in-
verter circuits (which are used almost exclusively with SCR's) are of the
first two types. Parallel inverters (which are used with both SCR's and
transistors) generally belong tothe last class. Examples of these groups
follow,

SERIES INVERTERS

A, Unidirectional Series Inverter

A simple series inverter circuit with its waveforms is shown in Figure 1.
Here, the SCR is gated on with a pulse. The current builds up through L,
charging C. When C is charged up to the value E, the current in L is at
its maximum and the voltage across L is zero. As L attempts to maintain
the current in the circuit, the voltage across it reverses, charging C to a
value greater than E. Thus by the time the current in L goes to zero,

C has been charged up to a value considerably greater than

14




E, (2E in the no-load case) and the SCR is back biased and turns off. C
now discharges exponentially through R, thus being readied for the next
pulse. This circuit operates only for values of R above a certain minimum
value, as obtained from the following mathematical analysis. The follow-

ing discussion applies to the equivalent circuit of Figure 1 as shown in
Figure 1-A,

The initial voltage on the capacitor is zero, and the closing of switch S
at t = o corresponds to the gating on of the SCR in the circuit of Figure 1.

The equations governing the operation of this circuit are?

Z:Ca. l,z=G4/" (—.3:"‘,""’2 (G-l—)
R

Rearranging terms, this equation for v can be put into the standard form:

Y with initial conditions ol /
C Ze t6 77 + & = £ } t=
—_— = O
AL &=
- “0o

The solution for this if j ——— (the overdamped case) is

e _Y,t
S £+b’, /—X%] . e ¢
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where

& )
Y750 = /(G Ve L = & e [
'R /(Zc e L7z TI(E) -~

It can be shown that, under these conditions that Vo 0 for all finite t and

-C -j—"+ Gv 2 O for all finite t.

that dv/dt >»0 for all finite t. Thus i -

3
Therefore, the SCR is always carrying current (13) and thus is always

forward biased and never shuts off under these conditions. (Holding

current, discussed in Appendix I, is neglected here.)

2
For(% < Ll_C , the solution for v is oscillatory, and givenby v = E -

q
-Gt _ Gt where w -_-\/_1___(—(2—)2
FeFE e B = ce

The requisite condition for turn off of the SCR is that i3 - 0. This will

occur for -il = iy or -C dv/dt - vG. (The fact that '1,5 must remain zero
for a finite interval (as explained in Appendix I) will be néglected for

simplicity.) The time at which i3 - 0 is the solution of the equation:
Gt / . -
GC 2C = — Aue (w‘f* éc-.-g,/é’>
wl

where

YCwé
G4 (2wc)”

/gr
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Since the initial conditions fulfill these conditions, t = o is a trival solution to

this equation. Whether or not another solution exists depends on the value of

G. Figures 1B through 1E show plots of the two sides of this equation for

various values of G. In Figure 1B, which is a plot for 2 < £ G( 2.[E
3o =%= Jz.

the fact that there is no solution in this region is obvious when one considers

that:
1. Both curves start from the same point. (This is a result of t = 0

being a solution.)

2. The minimum slope of the exponential curve is greater than the max-

imum slope of the sinusoid, in the range under consideration.

From the diagram (Figure 1B) it is obvious that if the two curves intersect, it

will have to be in the positive region of the first half sine wave. However, in

this region, the maximum slope of the sinusoidal curve occurs at te o and is

given by:

_é[u_/,ﬂ;o(wtf ‘;)j/ —m(a/?f'-/-;«,—/)/
o) I B -

l’ / 7"/3‘ S 2C A o
The slope of the exponential is L[ 623 gg ,Cii e zc
AE | ZC o gt
G i —
and has its minimum at the origin where it equals = . SmceJZC >°2C

for all finite positive L, the proof of statement 2 is established.

(

ot

2 { C ..
Figure 1C shows the two halves of the equation for G =J=§=r T This is

7,
the value of G for which /@ = = /2, . For slightly smaller values of G than

this, a solution still does not occur, (as shown in Figure 1-D),

17



but for still smaller values, a solution is finally reached (Figure 1-E).
This is not a practical solution; however, because it does not take into
account the time required for the SCR to turn off. From the complexity
of even the simplified solution,which invelves a transcendental equation,
it should be obvious that the solution to the realistic problem is rather

tedious.

Still smaller values of G result in practical solutions (1F). Note that once
the curves intersect (i. e. i3 = 0) the equivalent circuit of Figure 1A no
longer holds; thus if the curve has two intersections, the second one is of

no significance (the t - 0 intersection is not counted.)

Consideration of these results will indicate that the waveform drawings of
Figure 1 are for the case of a very high resistance load; only as G20

{or R=>a0) does the capacitor voltage approaca 2E.

B, Unidirectional Series Inverter With lL.oad Switch

It is possible, through additional components, to disconnect R from the
circuit during the charging period of C, thus allowing operation with any
value of load. This scheme, shown in Figure lG)is very simple, but the
output waveform(which is the exporential discharge >i a capacitor through

a resistox)is dependent on load and of unidirectioual polaritv.

C. Bidirectional Series Inverter

Improvements on this circuit are shown in Figure 2. A detailed and mathe-
matical description of the operation of this inverter is given in Appendix I.

In this circuit Ry carries current in both directions as the capacitors are

18




111

alternately charged and discharged by SCR1 and SCR2. As shown in
Appendix I, equations I-2c and I-9, the load and gate drive pﬁlse frequency
must meet certain requirements in terms of L & C in order for this circuit
to operate; no-load or light load operation with this circuit is not possible.
If driven at the proper frequency (refer to Figure I-8 and equation I-4),
this inverter provides very nearly a sine-wave output for a constant load.
PARALLEL INVERTERS

A. Simple Parallel Inverter

The basic parallel circuit is shown in Figure 3. Here the switching
elements are shown as switches, since both transistors and SCR's are
used in this circuit. For use with SCR's the components shown dotted

must be included to provide for proper commutation of the SCR's.

The transistorized circuit puts out a square wave voltage into a resistive
load; the output voltage of the SCR inverter, because of the resonant effects
of L and C is a complex function of the values of L, C, the operating
frequency, and the load. For the graphical presentation of the results of

a steady state analysis of this type of inverter, the reader is referred to
the literature '"Parallel Inverter with Resistive Load, " and '‘Parallel

Inverter with Inductive Load, " referenced in the Bibliography.

Unfortunately, these papers do not investigate the operation of the inverter
under unloaded or switched conditions. It can be shown as follows that

this inverter will not operate under no load conditions.

19



Consider any one half cycle of inverter operation. The equivalent circuit
of Figure 3, under no load condition$, assuming S about to be closed is
as shown in Figure 3A. If we assume that the SCR's are alternately gated
on at a frequency @ lower than the resonant frequency of the commuta-
ting components w, = e > then, at the time of the closing of
S, there is no current in the circuit. When S is closed, the following

differential equation applies to this circuit:

‘ ¢ ¢ =
/5 ’“‘7150[5‘&‘:5*4’; oo 7©

This has the solution:

, c’ N ¥
C:‘Z/;(E*A/’)leﬁ?

The solution, however, is only valid for i 2 0, since S only conducts in

one direction. Thus, this solution is valid only for 05t<2m\/LC.

During this time, the capacitor voltage changes from 4 to
—
i ZrfLc
, -1 “
Lot = oap L (g[St ) T M = -2
4f;“/c/‘”af & 4c/°zu[ ° 2/Lc °
o [~

Thus, in each half cycle, the equivalent capacitor (4C) voltage increases
by ZE) or the voltage on the actual capacitor Cc increases by 2(2E) - 4E.
Therefore, either the output transformer will soon saturate from the
overvoltage or one of the SCR's will conduct, in either case resulting in a
double fire or latch-up condition where both SCR's are conducting simul-

taneously. This is indicated in the waveform drawing of Figure 3B, where

20




the voltages are shown building up from the starting condition of v =0,
For very light loads, a similar situation occurs at start, except an
equilibrium condition may eventually be reached if the voltage ratings of
all the components are high enough. To handle inductive loads, the com-
mutation capacitance C_. must be large enough to absorb the reflected load
current for that part of the cycle during which the load is returning energy
to the inverter (i.e. the load voltage and current are of opposite sign)
without having the capacitor voltage rise to a destructively high value.
This is also discussed in the literature previously cited in "Parallel

Inverter with Inductive Load. "

For an inverter which must operate over a wide range of (lagging) power
factors, this can result in a considerable excess of commutation capacity
at normal or light loads, giving'rise to a condition similar to the no load
case described., Thus, this type of inverter is not suited for general
purpose applications where the load is of variable magnitude and power
factor. This inverter, like all SCR parallel inverters also will not oper-
ate if the load impedance becomes too small. A detailed discussion of
the r easons for this limitation in the case of the McMurray - Bedford
circuit is f#)und in Appendix II; the same reasoning can be applied to this
configuration, Depending on the values of L, C, load, and operating fre-
quency, an SCR which has been conducting may either vbe turned off by the

attempt of the current in it to reverse its direction, or by the action

21



of the commutating capacitor in pulling the anode voltage of one SCR

negative when the other SCR is first turned on.
B. The McMurray - Bedford Parallel Inverter

Improved operation of this circuit can be realized by the addition of so-
called '"reactive' diodes to provide a path for reactive currents which
formerly went into the commutating capacitor (for the SCR circuit), This
allows operation for all load power factors. The reactive diodes also
serve to limit the voltages under no-load conditions, (the capacitor volt-
age is held to 2E) so that operation under no-load is now possible. The
new circuit is shown in Figure 4, again, t’he additional parts required for
an SCR inverter over a transistor inverter are shown. A detailed analysis
of the operation of the SCR parallel inverter with reactive diode (the
McMurray-Bedfor d circuit) is given in Appendix II. Waveforms of the

SCR inverter at startup and steady state are given in Figures 10 andll.

C.1s vhosen according to equation II-15 to provide the desired minimum
tern-off-time (e. g. ZO/M sec) for the SCR's under the worst condition of
commutating the maximum current at the minimum capacitor voltage.

LC is generally chosen to resonate with Cc at a frequency with half period
approximately twice the turn-off-time, This is only a guide and L may

be varied as desired, keeping in mind the following effects:

For a constant CC’ source voltage, and current to be commutated:

1., As L is decreased, the available turn-off-time is decreased,
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because the commutating capacitor can be discharged more rapidly,
Refer to equation II-29.

2. As L is decreased, the peak charging current to the capacitor is in-
creased (equation II-2) although the average value (which determines
the energy delivered to the capacitor) remains approximately constant;
thus, the rms value of the current is increased, resulting in increased
iz R losses in the choke and output transformer,

3. As L is increased, the circuit is more affected by suddenly changing
loads. A sudden increase in load currents results in a voltage develop-
ed across L in such a direction as to cause the commutating capacitor
C( to partially discharge into the load. If L is too large this effect can
cause circuit failure upon load switching,

Be cause of the action of the reactive diodes in providing a path for reactive
currents and limiting the capacitor voltage under light loading, this circuit

will operate and start under a wide range of load magnitudes and power factors;
however, should the load become too heavy, resulting in excessive currents

at the time of commutation, then according to equation II-15, the circuit
provided turn-off time is decreased and the inverter malfunctions.

C. Gate-Controlled Switch Parallel Inverter

Idealized waveforms for a transistorized or gate controlled switch (GCS)
parallel inverter operating with a resistive load are shown in Figure 5. A
typical GCS circuit is shown in Figure I-6. (Inductive loading will be consid-

ered later.) These are much less complex than those of the SCR
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inverter as shown in Figure II-10 because of the absence of the

commutating choke and capacitor from the circuit of Figure 5.

VOLTAGE REGULATION

The output voltage of all the inverters mentioned previously was a
direct function of the d. c. input voltage and could be varied by chauging
this voltage. Rather efficient d. c. voltage regulators are ncw available;
these could be interposed between the source and the inverter and ccn-
trolled by the difference between the a.c, output and a reference to pro-

vide closed loop control of inverter output voltage.

A, Series Proportional D, C. Regulator

The simplest type of d. c. regulator (and the lightest, if heat sink require-
ments are not considered) is the series regulator, shown schematically

in figure 5A and equivalently in Figure 5B.
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For aload current I, the power input to the regulator (neglecting the power

required by the low level control and sensing circuits) is VI, and the power
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output of the regulator is V I, Thus, the maximum efficiency is
o

7l :.E_cl . Vol _ Vo Thus, for greatest efficiency, the output
Pi VI v

voltage should be as close as possible to the input. However, the regulated
output can never be greater than the least value of the input; therefore, for
any but small variations in voltage, this regulator becomes rather
inefficient, Furthermore, the power lost in the regulator,(V-Vo) 1)15 all
dissipated in the series control element which must then be adequately

heat-sinked.

B. Series Switching D, C. Regulator

One of the first switching type d. c. regulator circuits used the same series
transistor as the simple series regulator, but turned it full on or full off
depending on how the output voltage compared with a reference. A

simple LC filter smoothed out the large voltage variations caused by this
switching, and a flyback diode was added to provide a path for the choke
current during the periods when the series switch was off, The resulting
circuit is shown in Figure 5C, and the waveforms in such a circuit in
Figure 5D. The losses in this circuit are less than those of Figure 54,

for most cases and can be analyzed as follows:

Assuming a switching period of 7 and a choke large enough so the current
is approximately constant, the "on'" time ty is approximately related to

. f, :
the period and the input and output voltages by the equation: ]/D = —7'7’l/m,

Therefore for a load current Io, the losses in the circuit will be §
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2.5
1. _Z; k‘, in the series choke

€ . . .
2. -Z;)VS > in the series switch
v
.7V (7-t,) in the flyback diode
o P T

where VD is the forward drop across the flyback diode, VS is the for-
ward drop across the series switching element and RL is the resis-
tance of the filter choke., It can be seen that these losses are independent
of the input and output voltages. This is strictly true only for the case
where VS - VD ; otherwise the losses will vary slightly as the ratio
of input to output voltage changes,because the time ratios tl/7" and

—?—;}-‘1 will vary as this ratio changes. Thus, this circuit is suitable
in applications where the input and output voltage of the regulator may
differ by large amounts, Because of the choke, it is heavier (for a given
current) than the circuit of Figure 5A, but this difference can be
minimized by performing the switching at as high a frequency as possible
(consistent with transistor switching losses) to reduce the choke size.
Since this is a switching type regulator, it is also possible to use SCR's
or GCS's in place of the transistor. With SCR's the circuits become more
complex, again because of the necessity of having some method for
turning the SCR off. A typical circuit (the Morgan Chopper) and its

waveforms are shown in Figures 5E and 5F. The operation of this circuit

is discussed in the literature.6

Both the transistor and SCR series type switching regulators provide an

output voltage which can be no greater than the input.
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C. Shunt Switching D, C. Regulator (Bedford Step-up Circuit) K

The newly developed Bedford circuit shown in Figure 5G removes this
restriction by providing an output not less than the input voltage. It oper-
ates in the following manner; (refer to Figure 5G and the waveform
drawing 5H). When S is turned on, current from the source builds up in
L (and S). When S is opened, this current flows through D into C,
charging it. The current in L then decays (because the output voltage is
greater than input) until the switch (shown as a transistor in 5H) turns on
again, While the switch is closed and current is building up in L, the
load current is supplied entirely by capacitor C, With an input of Vi volts
and Ii amps, and an output of Vo volts (Vo >Vi) and Io amps (Io( Ii) the
average current carried by the switching element is Ii- I, and the average

current carried by the diode is I .
o

Assuming an inductor resistance of R_, diode drop of VD and switching

L
2.

element drop of VS, the losses in this circuit are then Ié Kl. +

(I, —-l:,)]/s + .I;V . Again, this is independent of the input and out-

put voltage to the same degree as the losses of the series switching

inverter.

Figure 5-H shows the waveforms in the Bedford circuit for a step-up

ratio of 2:1,
D. Inverter - Rectifier D. C. Regulators

Other circuits for d. c. regulation involve changing the d. c. to square

wave a,c. with a simple parallel inverter, and then operating on this
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a.c. with various types of modulators and rectifiers. Though more
complex than the previous techniques described, this method is of
advantage where the raw d.c. input is not near a value that can be readily
used by the load; any desired amount of step-up or step down in voltage
can be obtained with this technique by simply varying the turns-ratio of
the inverter transformer. Since this incorporates inverter stages, which
will be discussed in great detail later, and furthermore could not be
advantageously used to provide a more optimum d.c. voltage level to
drive an inverter (since it itself is an inverter and would have to work

at the least optimum voltage), this method will not be discussed further.
E. Buck Boost D.C. Regulators

A modification of the above technique is the use of a square wave inverter-
modulator-rectifier to provide only the difference voltage between the raw
d. c. input and desired d. c. output. Its output is then connected in series
with the d. c. input to provide the regulated output. The advantage of this
system is that the inverter-modulator is required to pass only the error
power instead of the total d.c, load. The output rectifiers still pass the
full load current however, so the losses here are not decreased. The
circuitry used in this technique is shown in Figure 5-J. This circuit can be
designed to subtract from as well as add to the raw d. c. input voltage; if
this is done, the maximum error power required is reduced by a factor of
two, since the maximum output voltage of the regulator can be halved when

its output can assume either polarity.
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F. Quasi-Square Wave Regulation Techniques
1. Quasi-Square Wave Power Stage

Another method for voltage regulation involves increasing the complexity
of the basic inverter circuit to provide for changing the output waveform
of the inverter as required. One of the simplest outputs resulting from

L J

this is called a quasi-square wave and is illustrated below.

Harmonic analysis of the resultant wave (shown below) indicates the vari-

ation of the fundamental component of this wave with the dwell angle Q.
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Hence, by changing @, the peak amplitude of the fundamental component of

/’/V and 0.

the above wave can be varied between =
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With transistors and a resistive load this can be easily accomplished by
only turning them on when an output is desired, instead of always having
one on. This is indicated in the waveform drawings of Figure 5. When
using SCR's the problem is more complex, since in all the circuits for
parallel inverters discussed so far, the only way one SCR is turned off
is to turn the other one on. Hence, in SCR inverters, additional circuitry

is required to produce the output waveforms of Figure 5B.

2, Zero Clamping

Another problem which usually arises in the quasi~square wave inverter
is that of providing a low impedance path for any secondary current flowing
during those times when the output voltage is zero., This will occur when
the load (as seen by the power stage) is inductive and is due to the effect
of this inductance in maintaining a current flow after the driving voltage
has been removed. The indu;ctance may be caused by an inductive exter-
nal load, or in the case of inverters with filters, will be the inductance of
the filter. If a low impedance path is not provided for this current by
some means, the voltage across the switches will rise in an attempt to
maintain the current urtil the reactive diodes start to conduct. For re-
active diodes connected as shown in Figure 4, this occurs when the total
transformer primary voltage is 2E. (If there are no reactive diodes or
other circuit elements to limit the voltage, it will continue to rise until

it breaks over one of the switching elements, perhaps destructively.) The

result is that the output waveform departs from the quasi-square wave (in

a fashion dependent on the magnitude and phase of the load) resulting
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in increased distortion and phase shift. An example of this is shown in

Figure 5K for a resistive load with and without a tyneq filter:

The first column of waveforms shows the waveforms obtained with a
pure resistive load and no filter between the inverter output and the load.
The waveforms obtained are what one would have expected: quasi-square
waves. The second column shows what happens when the external load

is still pure resistive but now a resonant series turned filter has been
connected between the inverter output and load. The load current becomes
approximately sinusoidal but the voltage at the secondary of the output
transformer is no longer a quasi-square wave but a more complex wave
with lower fundamental component and higher harmonic content than the
one for the purely resistive load with no filter. Hence, any given filter
will leave a higher harmonic content in the output with this input than

with the quasi-square input.

For the case shown of the resistive load with filter, even through the
output waveform is distorted, the fundamental component of this voltage
still has the same phase relationship with the switch driving signals as
does the output for the purely resistive load. However, should the
external load be inductive,then the phase of the fundamental component

of the output voltage will shift due to the fact that, during the "off" (or
dwell) time, the change in the polarity of the output occurs not at the mid-

point of the dwell period but at the time the output current crosses through
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zero, Thus, the inverter output voltage during the dwell time will be

non-symmetrical, resulting in a phase shift.

The problem of providing a path for transformed secondary current when
neither of the power switches is on can be solved by a circuit such as
shown in Figure 6. Here S3 is closed whenever both Sl and S2 are open,
Any secondary current in NS is then transformed to the winding Nsc where
it flows through S3 with no appreciable voltage drop. Since there are no
other voltage drops around the S3 - Nsc loop, the voltage across N

sC

remains low, thus keeping the voltage N_ low during the dwell period,

S

Since current may flow through Nsc in either direction, S , when closed,
3

must be capable of carrying a current in either direction.

3. Phase Shifted Square Waves

A quasi-square wave can also be generated by adding the outputs of two

square wave inverters of variable phase difference, as shown in Figure 7.

This method avoids the necessity of using an auxiliary switch to maintain

low impedance during the zero voltage periods, since the internal imped-

ance of the square wave inverter is always low, However, it does not

make as full use of the transformer as the single stage generating a

quasi-square wave, since in general at least part of the time the outputs

of the two stages will be bucking one another, thus requiring a total trans-

former capacity greater than the load rating. Because, for part of each

cycle (unless the two inverter stages are exactly in phase) one inverter
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will be feeding energy back into the other one, both inverters must be
equipped with reactive diodes.

4. Bridge Circuits

Better transformer utilization and lower switching element voltages (for
a given supply voltage) can be obtained by using the bridge circui. cf
Figure 8. In this circuit, two switching elements are always closed at
the same time. In this fashion the transformer is either connected
across the d.c. supply or has a short placed across its primary to
provide a low impedance, zero voltage output condition, as discussed
earlier. With the bridge, the transformer has a single primary winding,
all of which is used all the time, to produce either polarity of output o> to
be shorted to produce the zero voltage, zero impedance conditions. De-
pending on the times the switching elements are turned on, this circuit
can produce quasi-square waves or square waves, as desired. Th= order
of closing the switches in order to obtain a zero-clamped quasi-square
wave output is shown in Figure 8, To produce square waves, S1 and S4

are closed and opened together, as are S2 and S3. In either case reactive

diodes, as also shown on Figure 8, are necessary.

HARMONIC REDUCTION

In general, the harmonic distortion of the unfiltered output of these
switching circuits is too high for many applications. Two obvious solu-

tions are to either filter the output to remove the urdesired harn.»nics or
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to use circuits which produce less harmonics. The optimum design is
usually a combination of these two, since it is not too difficult to con-
struct an inverter that suppresses the lower harmonics in the switching
stages, and the higher ones are readily attenuated by simple filters.

A, Single Step Waveforms (Quasi-Square Wave)

The simple quasi-square wave, with @ =30° has no third harmonic; three
such waves each displaced by 120°, can be generated in a simple 3 phase
bridge circuit as shown in Figure 9. This can provide a good start for a
three phase inverter; however, holding @ at 3 0° (or any other fixed value)
means giving up the voltage regulation capability of the quasi-square wave.
Thus, some additional means is required for voltage regulation in
situations where @ is held fixed for harmonic reduction purposes.

B. Multi-Stepped Outputs (Synchronous Switching)

Another method for reducing the distortion produced by the switching stage
is to use a more complicated switching arrangement which is capable of
providing intermediate values of cutput. Such a circuit is shown in

Figure 10. Here the switches (either transistors or SCR's may be used)
are closed in the proper sequence to provide the stepped waveform also
shown in Figure 10, In this scheme, the switches farthest from the
center tap provide the lowest output voltage, etc. Providing for reactive
current in a scheme such as this can be a problem unless certain switches
can be made bi-directional, It is also possible to produce such a wave-

form by adding a number of square waves of proper phase relationship in
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a technique which is an extension of that shown in Figure 7. These more
advanced switching techniques become more advantageous in multiphase
inverters because several gating signals will be common to two phases;
the control section for a three-phase multistepped inverter can be not
appreciably more complex than that for a single phase unit. Voltage regu-
lation in these more complex techniques may be obtained by a d.c. input
regulator, by varying the width of some step in the waveform, or by
adding together two such waveforms with a variable phase difference.

C. Constant Voltage Transformer Techniques

A combination of voltage regulation and harmonic suppression can be
obtained through the use of special ferroresonant transformers designed
for this purpose (e.g. the Sola transformer). These, however, have
fairly high no-load losses and an output voltage somewhat sensitive to
load power factor. They afford a very simple and reliable means of
voltage regulation and harmonic suppression and also provide short
circuit protection. When starting unloaded or operating under switched
loads, they sometimes draw large spikes of magnetizing current; suc-
cessful operation of an SCR inverter power stage under these conditions
required a large commutation capacity when’ compared to normal demands.
D. Static Tap Changing

One technique©f voltage regulation which can be useful under certain con-
ditions is static tap changing. As shown in the diagram of Figure 10A,

this uses semiconductors acting as switches §;, S, .... to connect one of
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several possible taps on the output transformer to the load. Two
representative techniques for utilizing SCR's and transistors in a. c.

( bidirectional) static switches are shown in Figure 10B., Which tap is
selected will depend on the load and input voltage to the transformer,.
This technique has the advantage that it allows voltage regulation of a
complex multi-stepped waveform without introducing distortion or phase
shift as would be the case with a conventional on-off output modulator,
This would be especially useful in a situation where the input voltage
was very low so that an additional semiconductor in series with the input
side (as would be the case with a conventional d.c. input regulator) would
result in excessive losses, but where the output voltage of the switching
stage transformer was high enough so that the drop in the static tap
changing switching elements would represent a negligible fraction of the
output power. The disadvantage is the large number of taps, and hence
sermiconductors required when either the d.c. input voltage to the power
switching stage varies over a wide range (compared to the permissible
variation in output) or the output voltage tolerance is so stringent that
variations in output due to changes in load require a large number of taps,
E. High Frequency Techniques

SCR's could also be used to modulate a high frequency square wave to
obtain a pulse-width modulated output like that of Figure 11. A block
diagram of such a system, known as a cyclo-converter, is shown in

Figure 12. Other techniques for low order harmonic reduction are the

36




various types of pulse modulation. The switched output and fundamental
component of such a circuit is shown in Figure 11. These waveforms
would be generated by circuits similar to those already discussed for
square waves; the only difference being that the circuit is switched several
times in each cycle. In these circuits; switching losses become much
more significant, and components designed especially for high frequency
use become a necessity. Figure 13 corresponds to a high frequency
version of the quasi-square wave and can be generated by circuits similar
to those used for the usual quasi-square waves, The advantage of the wave-
form of Figure 13 over that of Figure 11 is a further reduction in the
amount of filtering required. At these high frequencies, it would also be
reasonable to use a magnetic amplifier operating on a high frequency

square wave to generate these waveforms.

The advantages of these high frequency techniques lie in the size and
weight reductions possible both from high frequency cperation and from
the fact that the harmonics present in the unfiltered output are of a very
high frequency compared to the fundamental, simplifying filtering., The
main disadvantage is the increased switching loss. There is also present-
ly a rather limited selection of semiconductors in the high-power high-
frequency field. It might also be mentioned that unlike inverters of the
quasi-square wave+ brute force bandpass filter design, which are
restricted to sine-wave outputs, pulse width modulation inverters, which

can efficiently use low-pass filters, are capable of providing any desired
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waveforms with highest frequency harmonic below the cut-off of the
particular filter used.

F. Passive Filters

Filters used for the outputs of the simpler inverter circuits generally
consist of a series element (which is generally series resonant at the
fundamental frequency) and a shunt path (which is capacitive at high fre-
quencies and may be turned to parallel resonance at the fundamental
frequency). The series section may also have impedance poles at those
frequencies of greatest harmonic magnitude. The shunt section may like-
wise have impedance zeroes at appropriate harmonics, The basic filter
concept is shown in Figure 14, In general, it is desirable to have the
series element provide a low impedance path for the fundamental and a
high impedance to harmonics. This first allows the fundamental current
to pass without voltage drop from the inverter switching stage to the load,
while the high harmonic impedance prevents harmonic currents from
flowing in the switching stages, thus reducing dissipation. Similarly, the
shunt path ideally presents an open circuit to the fundamental and a
nearly short circuit to harmonic currents. (These harmonic currents may
be the small amount that get through the series filter section, along with
any due to load non-linearily.) As mentioned previously, pulse width
modulation filters can be of the low pass type since the pulse width modu-

lation waveform is essentially free of the lower order harmonics.
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One proposed method for harmonic reduction in polyphase systems
involves the use of a distributed transformer to couple the switching stage
to the load. This can best be described as a wound rotor induction motor
with locked rotor and having fractional pitch windings and skew selected to
eliminated specified harmonics.

G. Active Filters

Another method of harmonic reduction is the use <;f active filtering. This
involves using an error amplifier to make up the difference between the
switching stage output and the desired sine wave output as provided by a
sine wave reference source. A block diagram of such a system is shown
in Figure 15.

Table 1 compares the various types of SCR inverters with respect to
several parameters such as weight, efficiency, etc. These ratings are
based on 400 cps inverters with 5% total harmonic distortion and operating
at the 1 Kw level. This table shows that, in general, for fixed load opera-
tion, the series inverter is superior, but for large load variations, the
McMurray circuit is favored.

Not yet complete studies comparing the McMurray inverter with trans-
istorized power switching stages indicate that the losses in a silicon trans-
istorized power stage would be approximately equal to those in the
McMurray inverter, with the losses of a germanium inverter about 2/3

those of a silicon unit. The weights go in the same order, with the

McMurray unit being the heaviest, the silicon inverter next and the

lightegt being the germanium.
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APPENDIX I - Analysis of the Series Inverter

4s indicated in the introduction of this report, these analyses (Appendices I
and II) serve three purposes:
1. Familiarization of the reader with the often-glossed-over finer details
of inverter circuit operation.
2. Indication of the techniques used in inverter circuit analysis.
3. Verification of results stated but not proved in the earlier part of the
report.
This appendix contains an analysis of the full-wave series inverter discussed
in the body of the report. The circuit selected (See Figure I-1) was chosen

as a simple representative of an important family of series inverter circuits.

The circuit of Figure 2 is shown again here for convenience (Figure I-2). The
load is shown aere as an actual resistance; in actuality, it would probably be
the input impedance of some transformer coupled load. (The use of a
transformer is po.ssible here because of the a.c. nature of the output of this

type of inverter.)

To start, assume that the supply voltage, E, has been applied but neither
SCR has been gated on yet. Because of the voltage dividing effect of the
capacitors C, the voltage at point @) (with respect to the ground point®) will be
E/2. Since neither SCR is on, point ® will also assume this potential, by

virtue of its connection to point @ through R.
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Now SCR 1 is gated on. This operation can be represented by the closing of
switch S; on Figure I-2. The capacitor in Figure I-2 has a value of 2C and is
connected to the ground side of the supply. This is a valid representation of
the original circuit for purposes of computation of the current in R, L, and S1
if the assumption is made that the supply source E has zero internal imped-
ance; since, on an a.c. basis, the two capacitors C are effectively connected

in parallel by the (zero a.c. impedance of the) d. c. source.
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The equation for the current i1 of Figure I-2 is given by the differential equa-

tion:

£ =/ % +Ke, T, +,’££c'f‘># (I-1)

where t - o when SCR 1 is gated on. This is subject to the initial voltage con-
dition of the capacitor. For generality, assume this has the value Voo (In
this special case of the first half cycle, we have V0 = E/2, where E is the
supply voltage.) The voltage drop across the SCR has been neglected here; a
simple and fairly accurate way to take this into account is to consider it as a

fixed voltage drop of about 1.2 volts.

The solution to this equation is then given by
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For the first two of these solutions, where RZ\/%‘Z:. it can be seen that i1 7o
for all finite t 7 0. This means that once SCR 1 has been gated on it would,
with an ideal SCR, continue to stay on because of the current i1 always flow-
ing in it. In practice, the SCR would eventually turn off when the current il
dropped below the holding current of the SCR. (Note: The holding current of an
SCR is that value of forward current below which the SCR will revert to its
non-conducting stage. It is typically around 20 milliamperes for present day

medium and high current SCR's and varies considerably with temperature and

24
C

verters, where the long waits required in such a circuit would necessitate

between SCR's making operation in the region R 2_ unsuitable for in-

impractically low duty cycles.)
: 2zl , :
However, the solution for R £ C 1is oscillatory, with a frequency of

N R\ { L
oo (Y F- [T () (9

The oscillatory condition means that the SCR will definitely be turned off by

the circuit as the current attempts to reverse its direction. Starting with an
initial voltage on the capacitors of E/2, then the current of the first half

cycle as obtained from the previous general equations becomes

PR
b':o-z—;)—z‘—'e -ZIIM;‘HJt (I__y)

Ely

This holds for O € £ which is the region

where ¢ 2 o.
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This current flowing into the capacitor 2C of Figure I-2 results in a final

voltage of}

¢
vy = vy e [idE ([-5)
o

Evaluating this for the general case where the initial capacitor voltage is V,
results in a final capacitor voltage (using the expression for current in the

oscillatory case) of?

—for
wp = £+ (£-V)e b (1- 6)

For an initial voltage of E/2, one obtains a final voltage of

. A
4/;2’-_— E+-E—e 2wl (1- 7)

at the end of the first half cycle which indicates a back bias on the SCR of an

amount F "—é—n:-
— e 2wl
Vo

(1-8)
Thus for natural commutation, (where the current in the circuit goes to zero
of its own accord, ) R should be less than J%h ohms and the minimum time

between the pulses applied to the alternate SCR's is given by

> L 4+t
TS % (1-9)
where tto is the turn-off-time of SCR1. (Note: Turn-off-time is defined as

the time interval required for the gate to regain control of the unit after for-

ward conduction has ceased).
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On the next half cycle, the capacitors C, now charged up to a value somewhat
greater than E, will be discharged by SCR 2 in a manner similar to the
charging by SCR 1 (except the current direction is reversed and the initial
condition different) with the result that the potential of point A will not end up
at its t « o value. Since the circuit operates in a symmetrical fashion, in the
steady state, the capacitor will end up being charged by SCR 1 to a voltage
just as much above E as it is discharged by SCR 2 to a value below ground.
Assuming that in the steady state the capacitor voltage prior to turning on

SCR 1 has the value Vss’ then, after it has been charged by SCR 1, its voltage
will be E - V . The change in voltage is then E-V gg which equals v final

ss
-v, which from equation 1-6 is: p)
A= & 4+ (E—Vss)e 20L - 1/55 = E—azl/ss (I- 10)

The value for V__ obtained by equating these two expressions for the change

in capacitor voltage is:
y = £
Ss /- e R%wb

. (I-11)
The 'steady state' load current is then
(. [ £ —-j—z:
oL —®7 e wwl
w b / - (A 4«:& A W
L':T for 0L+ <%, (I- 12)
’ 4 mw
L_ O for >3tsT
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where T is the period of the applied driving signal (which can be applied
simultaneously to both SCR's since the one which conducted last will be back

biased and hence not affected by a gating signal),

The current after SCR 2 is gated on at T is given by

(
/[ -£ ] -5 (¢-T)
[

wh | ) —eTom i w0 (8- T)
Forv T Lt e T+, (I"/3)

S
|
i

3

where t - o is still the time of initial application of the driving pulse to SCR 1.

Thus, each cycle requires a minimum time of %%r ‘bzz'té. where ty, is the turn
off time of the SCR's. In general, the circuit is not designed for the turn-off
time of each SCR, but rather to the maximum value that will occur in any
SCR's used in the circuit. This value is around ZO/u,sec for selected high
power SCR's and can run as low as 2-3/wsec for selected lower power SCR's.
(Selection has generally been found necessary due to the fact that some SCR's
have turn-off-times so high as to require impractically high values of commu-

tating components.) This service is available from SCR vendors.

The load curreat i divides equally at the capacitors, 1/2 of it flowing in each
capacitor, This results in currents throaghout the circuit as shown in

Figure I-3 (for SCR 1 on) and Figure I-4 (for SCR 2 on).
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It can be seen that current is drawn from the supply on both half cycles, and
that this current is equal to only 1/2 the load current. This is the reason for
connecting the load capacitor as shown in Figure I-1 instead of the method
shown in Figure I-5. Analysis of the circuit of Figure I-5 will show that it
possesses the same equivalent circuit as far as the load resistance is concern-
ed, namely that of Figure I-2. Hence, the solution for the current i of

Figure I-5 will be the same as that obtained previously for Figure I-1.
However, Figure I-5 will pull a current pulse il from the supply when SCR 1
is gated on and will not affect the supply at all when SCR 2 is turned on; the
discharge path (iz) does not include the d.c. supply. Thus, this latter scheme
(Figure I-5) puts more ripple on the supply to accomplish the same job as the

scheme of Figure I-1 and hence is not as desirable.

It can be observed from these equations the effect of the load resistance on
whether or not the circuit will operate ( eq I-2a, I-2b, I-2c) and, if it does,
its natural resonant frequency (eq. I-3) and output voltage (eq. I-11). This
indicates one large disadvantage of the series type inverters; their dependence
on the load. This, of course, would not be a problem with a fixed load since
the circuit parameters can be selected to allow operation with any predeter-

mined load.

The discussion so far has been developed on the basis that SCR 2 is not gated
on until SCR 1 has ceased to conduct and has been back-biased for a period at

least as long as its turn-off-time. The situation when this condition is not
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met; (i, e. when SCR 2 is turned on before SCR 1 has ceased conduction) will

now be investigated.

The circuit (Figure I-1) is assumed to be operating in a steady state mode
where the potential of point@) varied from Vgg to E-Vgg. In the previous
discussion,the value for Vg4 was derived for the case of natural commutation
(eq. I-11) and it could be seen that the value was always negative. For this
discussion this value cannot be used because the conditions under which it was
derived no longei hold. However, a limit on the value can be obtained by a
simple argument. Suppose the steady state value for Vss was greater or
equal to E/2. Since, by the symmetry of the circuit the maximum and mini-
mum of the potential at point @) must be equidistant from the value E/2, and
since the maximum (which results from SCR 1 being gated on) must be greater
than the minimum (Vgg, which results from SCR 2 being turned on) Vg g must

be less than E/2.

Referring again to Figure I-1 and assuming the two halves of the center tapped
inductor to be perfectly coupled, then with SCR 1 on, the voltage at E (the
anode of SCR 2) must be equal Vo - E - ZL%. Substituting the value for

i (eq. I-2c), into this equation for Ve results in

_&t —rt
Ve:f“a?,(f—vss/) e 'u"mu)t—'%‘c Zb s wit I-14

Since Vgg { E/2, Veis negative at t - o; however, at some time before

t = E » Vg will go positive. If a pulse is applied to SCR 2 before its anode
w
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is positive, nothing will occur. If the gate is maintained in the on condition,
then when the anode attempts to go positive, {which will occur when the center
tap of the choke reaches E/2) it will be held to ground potential by SCR 2, and
the current in the inductor will continue to rise at a rate of E/2L amps/sec.
This will keep both SCR's on, creating a fault condition, Therefore, having
the gate of SCR 2 on as the anode of SCR 2 goes positive will result in a

circuit malfunction.

However, let us now assume that SCR 2 is off until point A just exceeds a
potential of E/2 + iR by an amount 4. Figure I-6 shows the potentials and
currents in the circuit at this time (before SCR 2 is turned on), Immediately
after SCR 2 is turned on,the voltages and currents are as shown in Figure I-7.

These are obtained from the previous values using the facts that:

a) the capacitor voltage cannot change instantaneously.
b) The current in the inductor cannot change instantaneously, although it

may transfer from one winding to another.

Thus, by turning SCR 2 on, SCR 1 has been back-biased. Hence SCR 1 has
been commutated without waiting for the normal time of a half cycle at the

circuit resonant frequency W. (For simplicity, the fact that this back-bias
must be maintained for a period at least equal to the turn-off time of SCR 1

has been neglected,)

We have thus shown that under certain conditions one SCR may be turned on
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APPENDIX II - Analysis of the Parallel Inverter
This appendix contains an analysis of the McMurray - Bedford parallel inverter
circuit shown in Figure II-1. As was done for the series inverter in
Appendix I, analytical expressions are obtained for the voltages and currents
in different parts of the circuit. The effect of load on circuit operation is

indicated, as well as the action of the reactive diodes.

This analysis is carried out for the circuit of Figure of II-1, again using SCR's
since the mechanism of commutation in this circuit is different from that of the
series inverter. Furthermore, since the parallel inverter has a square wave
output (unlike the nearly sinusoidal output possible with the series inverter) a
filter is generally necessary. Since this modifies the operation of the inverter
somewhat, the analysis was performed for the inverter with a filter., The
filter will be assumed ideal in the sense that it presents an infinite impedance
to all harmonics of the inverter output but passes the fundamental without loss
or phase shift. The generalized load impedance is:

-Z/._ = /21../['(\9
Al:1:1 ideal transformer is assumed, with taps at a fraction K of each of the
primary windings as shown, Again, att = o the capacitor is uncharged and
both SCR's off. When SCR 1 is turned on, the equivalent circuit becomes that
of Figure 1I-2, which can be further simplified to that of Figure II-3, This
transformation from Figure II-2 to Figure II-3 requires the assumption that

the transformer of Figure II-2 is ideal and thus transforms the capacitor C

52



before the other has been naturally commutated off without causing a circuit
malfunction. This fact could be useful in operating a series inverter at its
maximum natural frequency with a slightly varying load; it says that even
though a load change might result in a somewhat lower natural frequency than
the inverter drive source provides, operation is still possible., The load
current and SCR anode voltage for the three representative relationships
between the driving frequency and natural resonant frequency are shown in
Figure 1-8.4 According to the literature, it is also possible to operate in the
over damped regions ( equation I-2a, I-2b) in this mode; this was not investi-

gated at this time.
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by the square of its turns ratio from the C of Figure II-2 to the ZZC = 4C of
Figure II-3. Because the filter allows only fundamental current to flow, the
high frequency of the initial charging current i results in its being effectively

decoupled from the load during this first switching interval.
The equation for the current in this circuit (Figure II-3 is)

A v

/ / \ Ao _

77 7‘4c[’76‘5*7 = £ ()
o
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subject to the intital conditions

(] =p ) , _ Y%
=0 /Véé:o-ﬂ’ v‘;cé 2
=0

(-]

For a general solution, it has been assumed that an initial voltage of V j is
present on the capacitor of Figure II-2 (or an initial voltage of V /2 on the
capacitor of Figure II-3). In the specific case of the first half cycle, V  will
be set equal to zero in the general solution.

This has the solution

14
°}=02(5‘%)/;"‘3“¢ e (1-2)

This equation is valid only when il 2 0 (because the SCR can be represented by
a closed switch only in the region where it is carrying forward current) which

holds for

6< t £25[ec]
During the period when SCR 1 is conducting, the capacitor 4C will be charged
up by the current i to a value g_c.(t) (where V, is the voltage across the actual
capacitor C) which is given by the equation?:

Az 74 / f' II-3

flt) = -f"/'%-ofc/d

%

Again, this is a general expression for Y for arbitrary values of Vo; as

before, for the special case of the first half cycle, we will set Vo _-_0.

Because of the presence of the reactive diodes (Dl and D,) the voltage across

the capacitor cannot rise to more then 2E/K, since if it did, it would require
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that one of the diodes would be forward biased. Thus, what happens is that
the current i1 flows into the capacitor until the capacitor voltage equals 2E/K;
the current then flows in the reactive diodes. This is shown on the waveform

drawing of Figure II-10 which shows the startup and steady state operation of

this inverter with a resistive load.

Substituting the known value for the current(eq II-Z)into the general equation

4,}
II-3 for the capacitor voltage results in an explicit expression for -< :

4’.1

¢ t
o /[. v / .t
= e f— L#: ___°_ — _ﬁ J:'C’l
Z 2 ;{Ca/ 7 +‘/sz(5 ’2) hm.zﬁz_,
O

(11-4)

LL

AP
= £ - (£-F )5

Equating g(t) with the maximum value of VC/Z, namely E/K; one obtains the

equation for the time 7; when the maximum voltage is reached:

E-(E-Flensm, =5 (k<)1) cii-2)

Therefore 57
1l —F
7, = 2VAl e |
z -(6-F (@-¢)
Since,

/ T,
__(E_.A%)<O y #Wgz’ﬁ'z—'?;> 2 (x-7)



When t reaches this value, the current in the inductor is;

% -E
AN
Ly =£(£’T)J7Mm :L:Tr':
(£-3F (11-8)

(E—«)f//— %oz /)]

The currents in the circuit immediately before the capacitor C reaches its

maximum voltage of 2E/K are shown in Figure II-4. The currents immediate -
ly after are shown in Figure II-5. The current i2 is now forced around the
SCR 1-D1 loop by the inductor L; the current i3 flows in order to maintain

the NI relationship in the output transformer. The voltage across the fraction
of the transformer between D] and the battery is E; therefore the voltage across

that r 't cf the transformer winding between D1 and SCR 1 is given by

L

E Assuming the diodes and SCR's have no internal drops, this

vo. the only one opposing the change of current in L, and this current
E (1-K)

thus decreases at a rate of TR amp/sec. (11-9)

I

The time required for the current to die to zero is thus given by 7;‘ =

f(z,/: _ z)F/’ [j;/f f) 2'-5 T, seconds (i1-10)

anc ' rent iZ during this interval is given by!
- o (11-11)
.= _»\[c £/ _ -
oale-BJE |1 -[fhze ) 1= LE
wH U7




where t = 0 is the time of initial gating on of SCR 1. (This is just a linear
decay in 7} seconds from the initial value of the current as given by

equation II-8),

The current i3 which must flow to maintain the NI relationships in the output

transformer is given by (II-IZ)

YA Bl
L3= 2 K
and the integral

5 7

/E‘:?‘éé = Ei/—k)/bz‘[é (11-13)
% A

represents the excess energy stored in the inductor being returned
to the battery. These currents are also shown in the waveform

drawing of Figure II-10.

From these equations can be seen the reasons for having K<1l;ifK a1,

(i. e., the diodes Dl and DZ were connected to the ends of the transformer
where SCR 1 and SCR 2 respectively are) the current i2 would continue to
circulate in the L, SCR 1, D1 loop indefinitely, (Of course, the resistance
in these elements would tend to damp the currents, but all the excess energy
stored in the inductance L would be dissipated in the circuit elements instead

of being returned to the battery.)

The smaller K is made, the faster the energy stored in the choke is returned

to the battery. However, as K is made smaller, the higher the voltage across
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the transformer must rise in order for the reactive diodes to become effective,
and the higher the internal impedance of the inverter during reactive current

periods becomes. A practical minimum value for K is 0. 8.

At the end of this period of returning energy to the battery (during which the
capacitor voltage has been maintained at 2E/K volts, ) the commutating

capacitor discharges into the load until its voltage drops to 2E volts.

If the load current at this time is I}, then the capacitor current is I) ( the
2

transformer has a 1:1:1 turns ratio) and its voltage then changes at a rate of

. T
24-2_-"-_- % = Zc—'- "”&/5“ (i1-14)

/
The change in voltage is %—E'-' 2F = 2F (7{ "/) volts; thus the time

required isAf:% _ .Zf(zl"/) _ ‘VCE(Z& —2 seconds (11-15)
At T/2c T

When this discharge has been completed, the load current is again carried by

SCR 1. For a resistive load, nothing further happens until SCR 2 is gated on.

When SCR 2 is turned on, then the cycle as started with Figure II-2 is repeated,
only now SCR 1 must be turned off and the initial voltage on the capacitor is

- 2E. Equations II-1 through II-15 can thus be used to describe the action that
occurs in the steady state, if 4, is set equal to -2E. A complete cycle of
operation is shown in Figure II-10. This diagram is for the case of a pure
resistive load with the output frequency of the inverter low enough so that it

can be assumed that the reflected load current is constant (and zero) during
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the switching interval.

The time scale on this diagram is not constant; the switching intervals are
expanded to show in detail the waveforms- at commutation while the later period
of operation is shown more to scale. Values of current and voltage are indi-
cated and are obtained from formulas developed previously. At higher
frequencies where the expanded portion of the waveform (the switching
interval) becomes an increasing fraction of the total cycle, exact analysis
becomes more difficult, however, for most regions of interest, the current

due to switching and the load may be superimposed, because the SCR forward

drop is substantially independent of current.

When load current is non-zero during the commutation period, (as will occur
for reactive loads) the circuit operation becomes more involved but can be
analyzed as follows: Since it has been assumed that the filter passes only

fundamental current, the load current can be written
- ! - 1I-16
(L= AM (wot 5} )

where Wo is the fundamental {(output) angular frequency of the inverter (and
filter) and ﬂz is the angle of the combined load and filter impedance as seen
by the power stage. Under the assumption that the commutation time is small
compared to the period of the fundamental frequency, the load current during
the commutation interval is approximately constant. This value may be any-
where between -A and+A depending on the phase angle of the load impedance

as seen by the inverter output transformer. Furthermore, with the operating
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frequency much less than the natural resonant frequency of L and C (which
will be on the order of 20 KC), the voltage developed across the inductor L
by the changing current at the fundamental frequency is negligible. Under

these assumptions the voltages and currents during the commutation period

will be examined.

Immediately prior to the turning on of SCR 2, the voltages and currents in the
circuit are as shown in Figure II-6. (For this discussion, an inductive load
has been assumed, so at the time of commutation of SCR 1, there is a current
flowing in it from the load). SCR 1 (about to be commutated) is carrying i4
the (1:1) transformed load current iL.

Att:g o"/:o:‘ =AM(F'9;>"/4M% = Io (II-17)

(4

At the instant after SCR 2 is turned on, the voltages and currents are as shown

in Figure II-7.

Since the filter maintains the load current constant at I at the time of switch-
o

ing, the transformer, in order to maintain the relation ZNI = 0, must carry

a primary current of I as shown. Since the current must also be maintained

in the commutating choke, the current path shown for i_. is the only one

5
possible. (Any current in the now unused half of the primary which would be in
the proper direction to maintain the transformer NI relationship would have

to flow in the reverse direction through SCR 2; this is not allowed.) SCR 1

will be reverse biased until the capacitor voltage reaches zero. If this were
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the only current flowing, the capacitor would reach zero volts at

- CAE 2&C (11-18)
4¢= 7

However, there will also be a current flow into the capacitor as SCR 2

attempts to charge it up to 2E through the transformer. The current direc-

tions for this action are shown in Figure II-8.

An exact solution for the available turn-off-time (under the assumption that
the load current does not change during the commutation interval) can be
obtained as follows. Figure II-9A represents the circuit as SCR 1 is turned
on. Here Io is the reflected load current (assumed constant, as shown) and i

is the capacitor charging current.

Under the assumption that the transformer is ideal and that the load current
remains constant during commutation, the equivalent circuit of Figure II-9A

becomes as shown in Figure II-9B.

The equations for thls circuit are

%oy L /(.Z.Z'n)a[é’ L% =F- (11-19)

By

Eliminating VC/2, there restt_llts
£-L% =T +7e Jdri )4 (1-20
o

Differentiating this and rearranging terms yields:

ZL ’
[ ¢ ~21p

= ~ = (11-21)
AT 4L T 44C
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Subject to the initial conditions!

. 4/
%/ - £ 7 (11-22)

Y
©

This has the solution?

) _ (11-23)
= -'-ZI +\2~I J—Z'C" +1f(£ _-)M

The total current into the capacitor is then i+ 2l or
_t_ (11-24)
-
"',ZI >y +l I, (E— )"""‘ v
2 r—" Z\JLL

The voltage on the equivalent capacitor 4C will then rise from VO/Z (where v,
will actually be a negative number) through 0 towards its final value E/K.
However, once the capacitor voltage passes through the zero point, the SCR
being commutated (in this case SCR 1) is again forward biased, ending the
available turn-off-period. The charge t;hat must be added to the capacitor to
accomplish this voltage change is

AQ = Cav = ﬁ/C(O‘%f—)‘ - ZC (1-25)

but
Ag = fa.ffaf /PIM’Z/—" +1F(F‘ 2 ) e F]lt(n 26)

Equating these two values ofdq (and performing the integration) there results

4T, FM ——*/C( _- mﬁ = —4lcE 611-27)

Combining the sines and cosines trigonometrically results in the equation:
—4CcE
-t C(E'——) - 2 l{ .z'l (11-28)
Vg
7, Jic’ /PI, IZ'E] + [4c(£—.222}
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which has the solution:

£= 20 le{,/ g i 4 G ‘C([ &) @)

[
THCHCE- TR I (X

For the case of a very large current to commutate, this expression reduces
.= a4 -1 P
to (using the approximations e &= &) 5«, 8=z O for © very

small and assuming that 4] = = eZE)

_ /__._, —2CE } - 2CE which agrees (II-30)
= ZvAC I\/L—Z l'o!f[(:' Z,

with this limiting case value obtained from other reasoning (equation II-18).

The voltage across the capacitor is then (for an initial voltage of -2E);

14
c_ Ao { /(. — Lo, ._?_ —
1-—-2—-#,75]4%-57#1;[:»“_2&? e g il /"' (11-31)
o

Clearly, the value of v at any time t will vary as Io varies, so, as a limiting
case, the situation where I is very large will be investigated. For this case

the equation for v can be written approximately (using the small angle

~
trigonometric relations e B XE and Mé =/ for @ very small)

v = —2E + 20— ,zc (11-32)

and Jy , the time at which 4% = 02%

L = YEC /

is given b 7 = ‘2/._- + A II-33)
y Io [/ k] (

When t reaches this value, the load current, which previously went into the

capacitor, now flows into the reactive diode. Because the capacitor was
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charged up so rapidly, the amount of extra current built up in the commutating

inductor is neglibible.

The current trapped in the commutating choke (the sum of the load and capaci-
tor charging currents at the instant when the capacitor voltage reaches E/K,
although in this case the capacitor charging current has been taken as

negligible compared to the load current) then decreases at the rate of

f— {_iﬁ) amps/sec until it reaches zero.

For accurate results, the actual final current in the inductor should be used
as the starting point of this linear decay. From equation II-23 and

Figure II-9A, it can be seen that the current in the inductor at any time t for
which these equations are valid (which is the time from the start of commuta=

tion until the reactive diodes start to conduct ) is given by
. = 7".21 W ‘) £-C0 o M

and the largest value of t for which this is valid is given by the solution of

”’
equation II-26 for the case where A& = 4C [E/k - °/3J

The reactive load current continues to flow through diode D1 however,
resulting in a back bias of —é_-%‘g volts on SCR 1 through the action of the
transformer windings. This reactive current is in a direction so as to

charge the battery, indicating that, in this portion of the cycle, reactive energy

stored in the load during a previous cycle is being returned to the d.c. supply.

Sometime before the half-cycle is half over, the load current must reverse its
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direction, and energy once again flows from the battery to the load via

current through SCR 1 and the commutating choke. When the half cycle is
over, SCR 2 is turned on and the process repeats, but with the load current
reversed and SCR 1 and D] changing places with SCR 2 and D2. This is shown
on the waveform drawing of Figure II-11 which, like the previous one for a
resistive load (Figure II-10) has the first portion of the cycle expanded to show

the commutation process in detail,

From previous equations (II-18, II-29, II-30) it can be seen that for the
parallel inverter there is a maximum load current that can be commutated;

exceeding this value will result in inadequate turn-off time,

For this reason, the simple parallel inverter will not operate with a short
circuit or under any other condition which would result in an excessive current
flow at the time of commutation., Excessive current not due to the load can
occur on starting a parallel inverter if the residual flux levels in the output
transformer are not considered. For example, figure II-12A shows

(dashed line) a typical hysteresis loop for a toroidal core, and

(solid line) a B-H curve on which it would be desirable to operate,
from the point of view of making maximum use of the core material. However,
because the initial flux level in the transformer could be anywhere between
—Br and +Br where Br is the residual flux resulting from the maximum flux
level at which the transformer is operated, the first half cycle of applied

voltage could easily result in saturating the core, Should the resulting
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excessive magnetizing current exceed the maximum commutatible load
curreat, the circuit would malfunction. Also, because toroidal transformers
have a very high ratio of Br to B ..’ and because of their high permeability
tend to drift towards one end of the hysteresis loop under any slight unbalance
in the drive, even in a core designed for operation at a low flux density it is
possible to end up at a flux level very near to the B, .. of the core material.
This is shown in Figure II-12B, where the dashed line again represents the
B-H characteristic of the material and the solid line the desired (and expected)
hysteresis loop. The dotted line indicates the loop that would be obtained in
the steady state witha slight unbalance in the drive to the transformer, as
could occur due to differences in the voltage drops across the switching
elements. If an inverter were shut off while operating in this mode, and the
next time it was started, the first cycle was of such a polarity so as to
further increase the magnitude of this flux, the core would be driven far into

saturaticn and the resulting excessive magnetizing current would cause failure.
Thus, unless special precautions are taken to eliminate these problems,
toroidal (gapless) transformers should not be used for SCR inverter output
transformers. For further discussion and one solution to this problem, the

10
reader is referred to the literature., (As long as the transistors can handle the
momentary high peak dissipation, inverters using transistors as the switching
element will not be harmed by this occurrance.) The SCR's themselves would

not be damaged either, but would fail to be commutated, resulting in system

failure. When using ordinary transformer cores, the air gap inherent in the

construction of these units results in a residual flux of approximately zero. If a
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transformer with gap is then so designed that the maximum operating flux
density is less than 1/2 of the saturation flux density, then the application of
a full half cycle of voltage at the start will not résult in saturation. However,
it is not a very efficient use of the core materials to operate them at only 1/2
of their maximum flux levels. This starting problem can bz overcome by
making the first half cycle of only 1/2 the duration as a normal half cycle.
Starting under these conditions is shown in the B-H loop of Figure II-12C.
Figure II-13A shows the relationship between the output voltage and core flux
level for this starting technique. If we assume that Br = 0, this will result in
the core being in the proper dynamic hysteresis loop from the start, and the
transformer can be designed to operate near the saturation flux level of the
core material., Another variation of this half cycle start idea is to use ahigh
frequency starting technique, where the inverter is started out at least twice
the normal operating frequency and the frequency gradually lowered to the
operating frequency. This results in a B-H loop which "spirals'' out to the
steady state condition; again avoiding saturation while operating the transformer
at near maximum flux levels in steady state operation. The B-H loop for this
condition is shown in Figure II-12D; the relationship between the flux and out-

put voltage for this starting mode is shown in Figure II-13B.

During the commutation period, two parameters of the SCR being commutated
are of particular importance: the turn-off-time and the dv/dt rating. The

turn-off-time has been already discussed. The dv/dt rating is simply the
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maximum rate at which the anode voltage of the SCR can be increased without
causing the device to switch into its conducting state., This turning on of the
SCR due to rapidly rising anode voltage is actually due to the displacement
currents in the gate regioninduced by the internal anode - gate capacitance
of the SCR. For the simple parallel circuit, the value of dv/dt is given
approximately by dv/dt = ic/C where i_ is the current into the commutating

capacitor, and is given by

(= Lyert— /_,' F(E r) —7{? (11-35)

(This is one-half the current into the equivalent capacitor of Figure II-11)

The dv/dt on the commutated SCR is thus given by

dy _ ¢ T, E»- .t (11-36)
e f"' +£ S IVEE

for values of t such that the capac1tor voltage is less than 2E/K. For other
values of t, the values of dv/dt are less severe than this. Besides this source
of dv/dt, the shock excitation of various stray circuit inductances and capaci-
tances which occur at commutation may give rise to very high frequency
oscillations which yield high dv/dt's. These oscillations can be effectively
damped by putting a series RC stub scross the SCR (anode to cathode). This
stub will only be effective for the shock induced dv/dt's described; it will have
no value in reducing the I/C component of the dv/dt; if this is too large it must
be reduced by a major parameter change. (i.e. increasing C). In general,
however, SCR's are available which have dv/dt ratings sufficiently high that

they are not a limiting factor in the application of the SCR.
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An important rating of the SCR just being turned on at this time which must
be observed is its di/dt rating. When an SCR is first turned on, the current
it carries is localized in a small area where it was first turned on, Thus, if
the initial current allowed by the circuit is too high, the current densities in
that portion of the SCR just turned on can cause degrading or destructive
local heating. Methods used to minimize this problem are:

. 1. To turn on as much of the SCR as possible as soon as possible. This

means the use of fast rising gate signals with a peak power capability

approaching that of the allowable gate dissipation.

2. To limit the anode current of the SCR during the turn on to as low a

value as possible.

Some circuits, for example the series inverter, have small initial currents
(see equation 2c, Appendix I) while others, like the parallel inverter, require
the SCR to carry a substantial initial current (Io). In this case, the initial
current is limited to a low value for the first few microseconds by putting a

small saturating reactor in series with each anode lead.
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Study of 3200ndnverter Configuration

With this background of the types of circuits available, along with their signi-
ficant characteristics, such as output voltage waveforms, allowable loads,
and output variation with load etc., a study can be made of the possible
approaches to any of the inverter groups described in the Methodology section.
The problem of the 3200/10Kw inverter was considered first as it appeared to
be the most difficult and no technique appeared to offer a clear advantage. The
approaches considered (cataloged according to the basic power switching device)
were:

l. Power transistors (Germanium and Silicon)

2. Silicon controlled rectifiers (SCR)

3. Gate controlled switches (GCS)
The merits and disadvantages of techniques utilizing these devices will now be

discussed.
I Power Switching Devices

1. Power Transistors

The germanium transistor has the lowest forward voltage drop of all the
devices listed (as low as 0.45 v @65A for 65 amp devices of suitable volt-
age rating). The drive requirements are moderate, being less than those
of silicon transistors but greater than those of SCR's or GCS's. The
speed of the devices at the higher current ratings (50A) is adequate to
allow operation in the switching mode at 3200 cycles without excessive

switching losses: (the switching losses are no more than three times the
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forward conduction losses.) However, transistors suitable for operation
with the pulse modulation techniques (with their minimum square wave
operating frequency requirement of approximately 5 x the fundamental
frequency) are available only in silicon. The allowable junction tempera-

tures of germanium power devices generally are 110°C.

Considerations in the use of silicon transistors are approximately the

same as those of germanium transistors with the differences that with

silicon:

1. The maximum junction temperatures are 175-200°C, allowing higher
ambients and/or device dissipation.

2. The forward losses are about double and the drive losses four times
those of germanium units.

3. Available switching speeds are about twice as fast as those obtainable
with germanium (in comparable sizes) with extremely fast switching
(= 0.}.,., sec) being obtainable in the lower ranges. (10A)

To handle the 10 Kw load, the number of transistors of either type that would

be required can be determined by a few simple calculations.

For the first example, a system which utilizes a pulse modulation technique
with a common square wave inverter was considered. A block diagram of

the power section of such a system is shown in Figure 1-1.
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Since the peak collector current is generally the limitation in the application

of transistors to switching-type inverter circuits, and specifications require the
device to handle 200% of rated current, the maximum average power output of
the above system is 2 x 10 = 20 Kw. Assuming an overall efficiency of 90%

{at full load) and allowing for a minimum battery voltage on a nominal 28 volt

107



20 x 103

system of 22. 4 volts, the input current will then be (——9-)—?-2—2—4) = 1000 amp.

(If the same inverter is used to supply the a.c. power for all three modulators,
as it is in this case, the instantaneous power requirements for the three
individual phases will tend to cancel one another; in the case of a balanced load,
this cancellation will be exact.) At 10A/transistor, this will require an
absolute minimum of 100 transistors in parallel for each switch in the inverter
circuit. Since a minimum of 2 switches is required ( a typical circuit is

shown schematically in Figure 1-2) a total of at least 200 transistors would

be needed for the sjuare wave inverter section of such a scheme. This is

using high speed transistors with a maximum collector current of 10A each.

Needless to say, this appears to be unreasonably large from a reliability

point of view. Using the larger but slower 50A transistor, the number could
be cut to 40 total, but the switching dissipation of 130 watts/transistor (at

15, 000 cps, 200% load) would be out of bounds; the switching stage efficiency
at 100% load would be only 78%. However, some technique which allowed the
switching to be performed when the collector current was at or near zero
might reduce this loss to an acceptable value. This pulse modulation inverter
would require additional semiconductors in the modulators (although this
might be performed with magnetic circuitry); these would probably be SCR's or

GCS's due to the voltages involved and the a.c. operation.

Another approach would be to perform the inversion at 3200 cps, thus reducing

the switching losses over the pulse modulation schemes. (This would mean
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using an inverter of the quasi-square wave or stepped wave types.) If the
inversion were handled by three separate inverters, one for each output phase,
the average current handled by each inverter section would have a maximum
of 1000/3 = 333 amp. This is calculated on the basis of a 200% load, minimum
battery voltage (worst case) and an efficiency of 90%. Thus, the peak current
in each phase input could rise to 333;7-{— = 520 amp. Therefore, each side of
each phase switch would need a ininimum of 520/50 2 1] transistors, for a

total of 66 transistors for a 3 @ system. The switching losses in this example

would be less than 1/5 of those calculated for the previous circuit because

1. The switching is done at a lower frequency (1/5 that of the pulse
modulation system) and switching losses are directly proportional

to frequency for the ranges considered.

2. In normal operation, the switching does not occur at the times of
maximum collector current, as it does in the pulse modulation scheme.
(Switching losses are directly proportional to the collector current at

the time of switching.)

Figuring losses for the worst case (200% load, switching occurring at peak
collector current) the following results are obtained with a Bendix 2N2358

germanium 50A high speed switching transistor:

Switching losses (I, - 504, tr+tf = l6/l—sec) 25, 6 watts

Reverse losses 1 watt
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Forward losses 11, 2 watts

Drive losses 3. 7 watts
Total 41.5 watts

With a thermal resistance of 0.5*C/watt and a maximum junction temperature

of 110°C, the transistor mounting base must be held to 89°C or below.

This is a transient condition lasting for only 5 sec; the maximum steady state
dissipation is less than 1/2 of the amount calculated; the maximum mounting

base temperature under steady-state conditions will be at least 100° C,

For the same worst case example as calculated for the germanium transistors,

the losses in a silicon transistor are:

Switching losses (at I, - 50A) 13 watts
Reverse losses 1 watt
Forward losses 3] watts {(calculated for

Silicon Transistor
Corp #2107)

Drive losses 15 watts

Total 60 watts

With a thermal resistance of 0.5°C/watt, the maximum junction temperature
allowed with this unit = 200 -, 5 (60) = 170°C. This is considerably higher

than the 89°C permitted by the germanium devices.

Both these calculations have been performed for the worst case; at only 100%
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load, the switching losses would be about 1/2 those calculated above, and
the forward losses would be reduced by a factor of four. (Since a saturated
transistor approximates a fixed resistance, the forward losses vary as the
square of the current). Thus, the full load losses for the germanium tran-
sistors would be less than 20, 3 watts and the silicon loss would be less than

30.5 watts.

Even at these rates, the switching efficiency of the silicon transistor power

stage alone will be only 10, 000 = 83%.
10, 000766 (30.5)

improve with better transistors (i.e. faster, lower leakage, lower saturation

This value would

resistance, higher gain) and/or circuit changes. Possible circuit changes
include techniques for optimizing the switching pattern, reducing the current
and/or voltage at the time of switching, or reducing the effective switch
resistance by connecting additional units in parallel. Drive losses can be
reduced by providing a drive proportional to the instantaneous collector current
rather than a square wave drive adequate for the largest collector current
(though at the expense of increased complexity). Because of the large numbers
of units which may be operated in parallel, these circuits offer possibilities

for increasing reliability through redundancy without significantly increasing |
the circuit complexity. On the other hand, because of the large number of
elements, some form of redundancy will probably be necessary in order to

maintain the reliability.



Any of the various parallel switching circuits discussed earlier could be used
with these transistors; however, the bridge circuits would not be desirable at
the 28 volt level considered here because they would require twice as many
transistors (and have about twice the semiconductor losses) as the parallel
inverter with center-tapped transformer, As the input voltage increases, the
number of transistors required in parallel to handle the input current decreases;
thus higher input voltages are advantageous. However, as the input voltage

goes too high, the bridge circuits would become necessary because of the
voltage limitations of available transistors. (Other conditions remaining

equal, the transistors in a bridge are subject to only one-half the voltage

as those in a center-tapped transformer arrangement.)

2. Silicon Controlled Rectifiers

SCR's have the advantage of being able to handle very large currents,

both on continuous and pulse bases. They are available in ratings up to
400A rms, 250 A average, with peak current capabilities in the thousands
of amperes. They are also available in high voltage ratings (up to 1300
volts). Their forward voltage drop is slightly higher than that of silicon
transistors and tends to remain constant as the current is increased.
{Transistor drop (saturated) is almost a linear function of current and

can be represented as a resistance.) However, the fact that SCR's must be
commutated off by an external source adds circuit complexity and, in

particular, results in additional losses.
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The amount of the commutation losses as cornpared to the (reflected)
load current loss in an inverter circuit serves as a good indication as to
the suitability of the circuit for the intended operation. These losses can

be computed for the first circuit under consideration (the McMurray-

Bedford circuit) as follows:

The first problem is to determine the value of the commutating capacitor
since it determines the maximum current that can be commutated as well
as many of the circuit currents, and except for the selection of the basic

circuit itself, is the initial step in inverter design,

Assume the maximum current to be commutated is Io amperes., (This
will correspond to a 200% load at a power factor which places the peak

of the load current pulse at the time when commutation occurs.) Let the
minimum supply voltage be E. Then, the capacitance required to provide

a turn-off-time of to is obtained by a rearrangement of equation II-30 to
obtain: C = Io-to

ZE (1-1)
The next problem is to evaluate the currents in the circuit (and particu-
larly in the SCR). For the McMurray - Bedford circuit, much of this
analysis had already been done in Appendix II, and reference will be made
to that. For negligible current at the time of commutation (which could
occur at 100% resistive load with a tuned filter, where the sinusoidal
load current would be in phase with the inverter switching stage output,

and hence be going through zero at the instant of commutation) the SCR
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current is given by equation II-2, which for the steady state case where

vo = -2E, has the value

C_ < T 1-2

This, of course, is subject to the restrictions imposed in the derivation

of equation II-2; in particular, it applies only for OL¢ £ Zz where 7,

is given by equation II-6. If K, the reactive tap fraction (refer to Figure

II-1 and the discussion on page 57 ) is set at 0.8, then the time required

for the current trapped in the commutating choke to reach zero is given

by equation II-10. With Vo = -2E, k = 0.8 and using the approximation
/ - (’/87' /_":) / , this time ( 7:3 in equation II-10) equals 16\/361

seconds. The current waveform in the SCR (and commutating choke)

due to the commutation circuit is then as shown in Figure 1-3. The time

at which the waveform changes from a sinusoid to a linearly decreasing

ramp is given by equation II-6 as

Ef —F 1, I\
7z=2ﬁ2""5'[—é—%) - 2Jic e (-5 )2 ST (-3)
z.

The average value of this current pulse (averaged over a half cycle of the

operating frequency) can be easily determined as described below. (Average
currents are used in these calculations because the voltage drop across

the SCR is fairly constant with current, thus making the average current

a better indicator of SCR losses than rms current. The same is true for

diode losses.) Approximating the exact current waveform (shown in
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Figure 1-3 as a solid line) with a triangular current waveshape (shown
dotted in Figure 1-3) of height equal to the actual current maximum and
base equal to the total time required for the pulse, the average current .

in one SCR (during the half cycle that it is conducting) due to commuta-

tion currents only is Iavg =(J—;2w£ /au/:;,://:”}f[, ¢! -4)

where 7; is the period of the fundamental frequency of operation of

the inverter. Substituting the values of peak current (equation l-Z)pulse

1 . / . .

ength (equation 1-3) and fundamental frequency f, - 7 into this
(4

equation, there results:

Iar(ﬁﬂg)j(f—"‘*”f*/ém): PLEEEC  (15)

Substituting the value of C from equation 1-1 into equation 1-4 and

realizing that, if Io is the peak current during the 200% overload condition,
the average current during the conduction period for each SCR at the

100% load condition will be

:do 42 - Lo (1-6)

I
avg (load) _
A T T

Then, the ratio of the average SCR current due to all causes

[Iavg (comm) + 1 (load)] to the average current due to the (reflected)

avg

load current only [Iavg (load)] is ‘ijgl;omm) ~+ Iavg (load)
[a.vi (/oa.d)

Ip t I
77.6 f ° 'o|l, o _ - )
o [ZE_]-f- = 122t 41 (1 7

,,,
Log,
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For the case of the 3200 cycle inverter, and using a 2()/~sec turn-off-
time, this ratio becomes 1 + 122 (3.2 x 103) (2 x 10'5) - 8.8

Thus, with total SCR losses 8.8 times the losses due to the reflected
load current only, the McMurray -Bedford inverter is not suitable for
efficient operation at this high a frequency. (Less than 1/8 of the total

switching device loss arises from providing power to the load.)

A more efficient (and complex) parallel inverter (the McMurray circuit)
is shown in Figure 1-4. Here, the four additional SCR's Q3, 4, 5, and 6
are used to achieve commutation without turning on the other power
switching SCR. This allows quasi-6 quare wave operation. However, the
main purpose of this circuit is the reduction of commutating losses
brought about by the fact that the commutating energy merely moves back
and forth through the tuned circuit to achieve commutation instead of
being largely dissipated and later resupplied from the d. c. source each
half cycle. With this improvement, the commutating losses in the SCR's

are considerably reduced from those of the McMurray - Bedford circuit.

The operation of this circuit can be analyzed as follows: Assume SCR 1
(Figure 1-4) is on and SCR 4 and SCR 5 have been simultaneously gated
on so that C_ has acquired a charge such that the positive side of C. is
the one connected to Lc. Then, when it is time to turn off SCR 1, SCR 3
and SCR 6 are simultaneously gated on, and CC discharges through Lc,

SCR 3, SCR 6, the load and, when the discharge current has built up to a
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high enough value, through D , causing a reverse bias of about 1 volt to
1
appear on the anode of SCR 1. With proper choice of components, this

reverse bias can be maintained for the required turn-off-time.

A portion of the current waveform produced by the turning on of SCR 3
and 6 is shown in Figure 1-5. Here again, I, is the maximum current
which the circuit is designed to commutate and to is the minimum circuit
provided turn-off-time. With L. and C chosen to resonate at a

¢ c
frequency with period 4 t,, and provide a peak current of ,] 2 I, the
current taken by the resonant circuit will be greater than I, for a period
of to. This resonant current, which flows through SCR 3 and SCR 6, has

an average value (when averaged over 1/2 period of the fundamental

inverter output frequency) of

Imy(camn) =(\f5~1;)<-r%— X ﬁto = 17\;;101‘07(0
/s (1-8)

. / .
where, agam-fo = -73-— Since current flows through two

SCR's,the ratio of total losses to losses due to forward current equals

Ia @Iotofb],z
- 77 — |+t 1,
I"/Tr (1-9)

For a 3200w inverter with minimum turn-off-time of ZQ/A sec, this value
becomes 2.45. This results in the 100% load SCR losses for this inverter
circuit being equal to those of a (silicon) transistorized inverter and

hence about 1 1/2 times those of a germanium transistor inverter.
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However, the SCR circuits also have additional losses due to the
commutating currents flowing in the commutating choke and capacitor,
reactive diodes, and output transformer primary., The McMurray circuit
is also superior to the McMurray-Bedford inverter in these respects, and
thus has much improved commutation losses over the McMurray-Bedford
circuit. This loss is not obtained without penalty, however. The number
of SCR's per power stage has increased from 2 to 6 and the drive cir-
cuitry required has increased in complexity, (On the other hand, this
circuit does allow non-zero clamped quasi-square wave operation. See
page 30 for a discussion of zero clamping.) Also, in the McMurray-
Bedford circuit, a current to commutate greater than the design maximum
(Io) simply decreases the available turn off time by a proportional amount.
For example, if t‘J is available with a current of Io’ then i_ is the
available turn-off-time withI = 1.5 1,, With the safety marlg‘ii in the
turn-off-time provided, (It is anticipated that 124 sec turn-off-time SCR's
would be used, for example, in a circuit designed to provide a minimum

of 20/4Csec.) the circuit would still operate under this condition. However,
in the McMurray circuit (designed for t, seconds at a current of I,) since
1.5, >\ 2T, (where J2.T, is the absolute maximum of the
current pulse taken by the commutator circuit) there would be absolutely
no turn-off time provided by the circuit and circuit failure would be

certain.
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The series type inverter possesses the advantage of not requiring
additional commutation devices; for theproper load range, it is self-
commutating, This "proper'" load requirement (which restricts the load
resistance to below a certain value) can be circumvented by putting an
appropriate capacitor across the load terminals. This all ows operation
at no load. However, the input frequency will still change considerably
under these conditions, requiring that the output of the inverter be filtered
in the same fashion as the parallel inverters. The current through the
shunt capacitor (which may be considerable if the shunt capacitor is also
required to tune out a possible inductive component of the load) results in
increased losses. In addition, clamping schemes which operate in a
fashion similar to the reactive diodes of the parallel inverter are needed
to suppress excessive voltages which would otherwise occur at no load

or short circuit operation.

Reports 3 indicate an efficiency of only about 70% can be expected for
series inverters which must operate over a 3:1 load range; Ourrequire-
ments are even more difficult than that, operation to no-load being
required. Also, the series inverter suffers from the same reliability
drawback that occurs with all SCR invezjt.ers -- one unsuppressed noise
pulse from any source can cause a misfire and shut down the inverter,
unless some redundant methods are used to allow shutdown of a stage or

the inverter is automatically restarted. In either case, the extra circuitry
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required to account for the misfire is added components which increases
weight and decreases reliability. Also, the higher losses in SCR's as
compared to germanium transistors and the recent incr eases in maximum
operating junction temperatures of germanium transistors (to 110°C, as
compared to the 125°C allowable for SCR's) result in the two devices
requiring about the same mounting base temperature. Thus, from a
thermal point of view, SCR's possess little advantage over germanium
transistors, and are less efficient., Although the number of transistors
required for the power switching stage of the 10 KW unit is fairly large,
because of the fact that they are essentially connected in parallel,
redundant techniques will be fairly easy to apply. Also, the 10 KW is

at the high power end of the anticipated sizes; the lower power units of
the same type (the range extends down to only 2 KW) will require fewer
transistors ( the number in the switching stages is proportional to the

maximum power output desired).

From a weight point of view, the additional weight required by the many
transistors over a few SCR's would be expected to be made up by the
elimination of the commutating capacitors and chokes, as well as the
reduction in the sizes of the output transformers and heat sinks made
possible by the increased efficiency of the transistorized devices and

absence of the high peak currents associated with SCR commutation,
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The "paper' reliability of the SCR circuits with their smaller parts count
can be made up by easily applied redundancy techniques to the switching
stage transistors., Safety margins on transistor voltages can generally
be introduced without any weight or efficiency penalties; increasing the
turn-off-time margin in an SCR inverter means increasing the size (and
weight of the commutating capacitor an;i there by increasing the losses

in the circuit components responsible for charging it up.

3. Gate Controlled Switches

The gate controlled switch is similar to the SCR except that it can also
be turned off at the gate. These are presently available only in low

current ranges (6A) with some improvement expected in the near future.

121



Since they appear to be restricted to current ranges below those of
transistors and have a higher forward drop (2v @ 5A) they do not appear
advantageous for this inverter. However, their combination of high
voltage ratings and improved turn off (over SCR's) would favor them in
inverters operating at higher voltages where currents are lower (for a

given power rating) and transistors unavailable.

A typical circuit employing the gate controlled switch is shown in Figure
1-6. It is very similar to the SCR circuits described earlier (Figure 4 )
with the exception that the commutating choke has been eliminated and the
commutating capacitance has been split, made smaller, and connected
from gate (of one GCS) to anode (of the other GCS). A resistor is also
inserted in series with it to limit the peak reverse gate current to a safe
value. The operation of this circuit is akin to that of a conventional flip-
flop. A positive pulse coming in to the gates turns on one GCS and leaves
the other on. The sudden drop in anode voltage of the first GCS is
coupled through R and C to the gate of the other GCS, turning it off. The
next positive pulse reverses the process, turning on GCS 1 and turning off

7

GCS 2. The output of this circuit is a square wave.

Like the SCR, the GCS has a turn-off-time which varies with load and temp-
erature and during which, for the GCS, its gate must be held negative.
Also, as with SCR circuits. GCS inverters can mis-fire, ending up with

both power switches on and the circuit inoperative.
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II Paralleling :I'echniques
These initial considerations would appear to favor the transistor circuits
because of weight, efficiency and reliability., However, the paralleling

problem in transistor circuits must be examined closely to see if it does

not present other problems.,
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Paralleling techniques willnow be investigated.

One method is to insert balancing resistors in series with one or more
leads of each transistor. Unfortunately, the more effective this method
is to be, the larger the resistors must be, and the greater the power
wasted. The use of balancing reactors, though an efficient solution to the
problem for the case of diodes, must be carefully analyzed for transistors
because some of the simpler circuits can result in a v"oltage transients of
4E (where E is the battery voltage) appearing across the transistors for

a short time due to the difference in the switching speed of the transistors.

An alternative to the use of balancing resistors or reactors to achieve
current balancing when paralleling transistors (or SCR's) is to break

up the output transformerv into N smaller units (each with 1/Nth the
secondary voltage rating of the original transformer) and connect the
secondaries of these units in series to obtain the originally desired output.
This technique is shown in the diagrams of Figure 1-7A and 1-7B. Since
the same load current flows in all of the secondaries, the reflected load
currents carried by all the transistors which are canducting at any given
time are equal. This balancing is obtained at the expense of splitting up
one large transformer into N smaller ones of the same total ratin.g, a pro-
cedure that results in an overall increase in weight and losses in the out-
put transformers. However, the primaries now need not be excited in all

parallel; each stage can be turned on at a slightly different time to produce
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a stepped output or synchronous switching waveform., Thus, the
additional weight and losses required by the individual transformers can
be partially offset by lower filter requirements due to the reduced
harmonic content of the output of the switching stages, (and the absence of

any additional components which would be otherwise required for balancing.)

Which technique is better will have to be decided on the basis of further
studies comparing the weights and losses of the output transformer(s),
balancing reactors (if used) and filters of the two systems and considering
the complexity of the drive circuitry and ease of applying redundant

techniques for reliability improvement.

III Voltage Regulation

Methods of voltage regulation will be considered next. Basically, there
are three main techniques for regulating the output voltage of an inverter

against variations in load and/or input voltage. These are:

1. Regulating the d,c. input voltage to the inverter stage. All techniques
studied so far for this purpose have required at least one semi-
conductor in series with the main load current path. This places an
upper limit on the efficiency of such regulators, and can result in
relatively high losses when operating on low voltage systems., The
number of semiconductors is also increased; the regulator would
require at least half as many semiconductors (of the same type) as

the total number in the power switching stages. The advantages of
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d. c. regulation is that it provides an almost constant d. c. input

to the power switching stages, thus allowing them to be optimized

for only one input level. Input regulation also allows the use of com-
plex waveforms for harmonic reduction without distortion problems
caused by deviations from the ideal waveform brought about by the
necessity to vary some parameter of the generated waveform to obtain
voltage regulation. The filtering and inverter logic are also simpli -
fied if voltage regulation is performed on the input d.c., since the
optimum sp acing between steps of a multi-stepped wave can be main-

tained independently of the input voltage and load variations,

In view of the large currents required, and the relatively low voltage
available for the 28 volt unit, it was felt that the d.c. regulation

techniques were not suitable for this application.

Varying the form of the inverter output waveform in the switching
circuit to vary the fundamental component of the switched output
waveform, The quasi-square wave is a good example of this tech-
nique, although more complex waveforms are possible and may be
desirable. Methods for voltage regulation by varying the phase
between two generated waveforms to yield a wvariable vector sum
are the most efficient from a semiconductor standpoint but require a

larger output transformer capability than needed with other techniques.
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This efficiency stems from the fact that at the lowest input voltage
and heaviest load, where the input current is greatest, all the
semiconductors are operated in phase and all contribute to the output
power at all times. At higher input voltages, where the current
demands are less, and the outputs of the separate power switches no
longer in phase, at some portions of the cycle, one power switching
stage will be supplying power to another stage, which is returning
that power to their common source via reactive diodes. This circu-
lated energy undergoes loss because it must pass through one trans-
istor, one diode, and two transformers in its roundtrip. Thus, at
higher input voltages, at least part of the time, losses occur in the
semiconductors which do not result in any energy being transferred
to the load. Also since the load voltage is less than the algebraic sum
of the individual transformer voltages (because the load is a vector
sum, and except for the low voltage high current operating point, the
individual outputs are not in phase) a larger transformer capability
than the load rating is required with this technique. (At 3200 cycles,
this would not cause as severe a weight penalty as at lower fre-
quencies.,) The problem of wasted transformer capability can be
solved by generating a quasi-square wave directly with the switching
elements, rather than with phase shift techniques, This does require
more complex control circuitry and additional semiconductors than

the phase shift technique. The extra semiconductors are used as
switches
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to short the output transformer primary during the periods when
neither power switching element is on. This is called zero clamp-

ing and avoids the type of waveform distortion shown in Figure 5K,

The unregulated a. c.. (square wave) output of a switchirg stage can be
operated on either by a switching device (to produce quasi -square
waves), or by a non-linear resonant circuit(for example, a constant
voltage transformer). The latter, because their operation requires
driving part of their core into saturationsare less efficient than or-
dinary transformers of the same VA rating. Also they tend topull
spikes of current which requires overdesign of the inverter power
stage. Although they provide inherent current limiting, the voltage
regulation with load change is not adequate for these applications]
thus, the constant voltage transformer was not felt to be suited for

this application.

Switching of the (a.c.) output to produce essentially a quasi-square
wave would require an additional switch as shown in Figure 1-8to
provide zero clamping and avoid the unclamped waveform shown in

Figure 5K.

In the absence of feedback, the input voltage variations will account for the

greatest portion of the output voltage variation and will affect all three phases

equally,

The load variations on any one phase will affect that phase more than

the other two.
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The amount of interaction, if any, will depend on the design of the inverter.
It is advantageous to have the three phases tied together as much as possible
since with phase shift techniques (which are indicated here) it is simpler from
the control point of view to vary all three phases simultaneously than

individually.

Load sharing techniques basically involve using part of the output of one phase
to make up the composite output of another phase., In this fashion a load on
one output phase will result in some effective load being placed on at least
part of the inverter stages for all phases. One method for doing this is to
start with a two phase inverter and transform the outputs with a Scott-Tee,
yielding a three phase output and two primary phases which are generally

both loaded (though not equally) by a load on any one of the (three) secondaries.
Another method is to start with a three phase inverter and wind three
secondaries on each output transformer; these secondaries é’vhich may be of
different number of turns) are then each connected in series with others from
different phase output transformers to yield a composite output. Depending

on the relative number and phasing of the interconnected windings, different
harmonics may also be cancelled out. For instance, in the case of the
simplest three phase inverter, the switched output of which is s'imply three
square waves, each 120° out of phase with respect to the others, the addition
of the output of any one phase and half the inverted sum of the other two results

in a composite wave which has no third harmonics. The individual generated
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waveforms (A, B, and C) along with the phase A composite output
/ {
A= A’ + Z (—g—c)appear in Figure 1-9; a circuit for generating three

phase waveforms of this type is shown in Figure 10.

Algebraically, that the resultant contains no third harmonic can be seen as

follows:

V. L /oo
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Though providing cancellation of the largest and most troublesome harmonic,
this technique is again wasteful of transformer capability and weight because!
1. The voltages added together in the secondaries are not all in phase,
resulting in a smaller vector sum then algebraic sum and hence
wasteful of transformers in the same fashion as the phase shift voltage

regulation techniques already discussed.

2, Because the sum of the three square wave voltages applied to the phase
output transformers does not equal zero, these three single phase
transformers cannot be combined into a single three-phase transformer,

( which would be smaller and lighter than the three single phase units.)
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A scheme which avoids these objections (again at the expense of a more
complex logic system) consists of 3 120° quasi-square wave drives, spaced
120°, Each individual power switch output is thus free from the third har-
monic to begin with., Furthermore, each transformer now provides g’_}’ 866
of the fundamental output of a transformer operated at the same voltage with

a square wave drive, but it only has to support 2/3 ¢ ,67 of the volt seconds
as a transformer with square wave drive. Thus, it is more efficiently used.

In addition, because the sum of the output voltages from this three phase
switching system equals zero, a three phase output transformer can be used.
Figure 1-11 shows the output voltages of the three phases of such a unit;
inspection will show that the sum of these three voltages equals zero, The
usual objection to the quasi-square wave switching stage, its need for extra
switching elements to perform the zero clamping function, does not apply here
if a three phase transformer is used as the output transformer because a
glance at Figure 1-11 will show that there are always two and only two switches
on at the same time, and they are producing equal and opposite voltages. Thus,
the wvoltage in that winding which has neither side energized through a switch
must be zero in order to satisfy the flux relations required of the core. Notice
that if three single-phase transformers were usAed instead, this relationship
would not need apply and some form of zero clamping would be needed for the

switching stages.

To obtain voltage regulation with respect to input voltage and balancedload
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variations, two waveforms produced by either of these techniques or any other
suitable one can be added together with a voltage feedback controlled variable
phase shift between them., The resulting summation wave also contains no
harmonic not present in the individual waveforms and, depending on the

spacing, may contain reduced amounts of other harmonics.

This method provides voltage regulation to compensate for input voltage and
balanced load variations, The variation due to any unbalanced loads cannot

be compensated by this scheme, since it cannot vary the output of one phase
only. A further analysis of this circuit will indicate how much of a variation
of output voltage with unbalanced load can be expected, This variation, which
is expected to be fairly small, could then be accounted for by individual

low power quasi-square wave regulators in series with each phase output.

Each quasi-square wave power stage would be controlled by a voltage feed-
back circuit sensing the output of the phase in which that quasi-square wave
source was connected, By varying the width of the quasi-square wave over a
wide range, the phase voltage would vary a emaller but adequate percentage,
Should the inverter outputs have too large phase shifts from the 120° separation
required, the phase of each individual quasi-square wave with respect to the
main switched output voltage could be varied by a phase feedback network, to
bring the o.verall phase displacement within specification, The block diagram

for such a system is shown in Figure 1-12,

132




IV Conclusions

A survey of inverter configurations and switching devices was undertaken and
representative inverter circuits analyzed, The 3200 cps 3Q® 10 Kw inverter
was assumed to be the most difficult, and an effort was started to determine
an optimum configuration for it by examining vario us inverter circuits in

light of the special problems posed. It was felt that there were two basic
design decisions to be made. One was the selection of the basic power switch-
ing stage and power switching element. The second is the technique of com-
bining these basic elements to obtain a three phase, voltage regulated sinu-
soidal output. Though neither of these has been completed, the first has been
investigated enough that the following rating charts can be made. On the basis
of Table 1-1 which compares switching -lements, it would appear that, depend-
ing on the temperatures the inverter would have to operate in, and the amount
of thermal derating desired, either the silicon or germanium transistor would

be chosen as the switching element.

Because the series inverter circuits are load sensitive and are also generally
used with SCR's as opposed to the transistors indicated above, they are not
feasible as the fundamental power switching stage for this inverter. The
bridge circuits, with two semiconductors in the forward path of the d,c.

input current have twice the losses and twice the number of semiconductors

of the center-tapped primary type. Since the number of weight and losses

added by these extra power switching elements will be greater than the
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savings accrued through more efficient use of the output transformers, the
use of any type of bridge circuit is contraindicated. Thus, the power switching

stages shall be of the parallel inverter with center-tapped transformer primary

type.

The various possible methods of voltage regulation are shown in Table 1-2
along with their advantages and disadvantages. These are for an output of 28 v
nominal and an output of 115 volts., (This is mentioned because under

different input and output conditions, the desirability of the different techniques
will vary. For example, if the output voltage were only 6 volts, the

technique of saturable reactor or SCR modulation of the output would bz
extremely inefficient. Similiarly, at higher input voltages and wider voltage
variations, the efficiency of the d.c. regulator technique wo':ld be competitive

with the others, while it is not at 28 v.)

On the basis of the material in this Table, it appears that the phase shift
regulation is most advantageous for the 3200A10 Kw inverter. It allows

high efficiency with a minimum of power semiconductors.
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